Angiogenesis  in  Adipose  Tissue 


Yihai  Cao 
Editor 


Angiogenesis 
in  Adipose  Tissue 


Editor 
Yihai  Cao 

Department  of  Microbiology 

Tumor  and  Cell  Biology  (MTC) 
Karolinska  Institute 
Stockholm,  Sweden 

Department  of  Medicine 

and  Health  Sciences 
Linkoping  University 
Linkoping,  Sweden 


ISBN  978-1-4614-8068-6  ISBN  978-1-4614-8069-3  (eBook) 

DOI  10.1007/978-1-4614-8069-3 

Springer  New  York  Heidelberg  Dordrecht  London 

Library  of  Congress  Control  Number:  2013946570 

©  Springer  Science+Business  Media  New  York  2013 

This  work  is  subject  to  copyright.  All  rights  are  reserved  by  the  Publisher,  whether  the  whole  or  part  of 
the  material  is  concerned,  specifically  the  rights  of  translation,  reprinting,  reuse  of  illustrations,  recitation, 
broadcasting,  reproduction  on  microfilms  or  in  any  other  physical  way,  and  transmission  or  information 
storage  and  retrieval,  electronic  adaptation,  computer  software,  or  by  similar  or  dissimilar  methodology 
now  known  or  hereafter  developed.  Exempted  from  this  legal  reservation  are  brief  excerpts  in  connection 
with  reviews  or  scholarly  analysis  or  material  supplied  specifically  for  the  purpose  of  being  entered  and 
executed  on  a  computer  system,  for  exclusive  use  by  the  purchaser  of  the  work.  Duplication  of  this 
publication  or  parts  thereof  is  permitted  only  under  the  provisions  of  the  Copyright  Law  of  the  Publisher's 
location,  in  its  current  version,  and  permission  for  use  must  always  be  obtained  from  Springer. 
Permissions  for  use  may  be  obtained  through  RightsLink  at  the  Copyright  Clearance  Center.  Violations 
are  liable  to  prosecution  under  the  respective  Copyright  Law. 

The  use  of  general  descriptive  names,  registered  names,  trademarks,  service  marks,  etc.  in  this  publication 
does  not  imply,  even  in  the  absence  of  a  specific  statement,  that  such  names  are  exempt  from  the  relevant 
protective  laws  and  regulations  and  therefore  free  for  general  use. 

While  the  advice  and  information  in  this  book  are  believed  to  be  true  and  accurate  at  the  date  of 
publication,  neither  the  authors  nor  the  editors  nor  the  publisher  can  accept  any  legal  responsibility  for 
any  errors  or  omissions  that  may  be  made.  The  publisher  makes  no  warranty,  express  or  implied,  with 
respect  to  the  material  contained  herein. 

Printed  on  acid-free  paper 

Springer  is  part  of  Springer  Science+Business  Media  (www.springer.com) 


Preface 


The  concept  of  therapeutic  antiangiogenesis  was  proposed  by  Judah  Folkman  40 
years  ago.  Although  this  theory  was  initially  hypothesized  for  cancer  therapy  by 
blocking  tumor  angiogenesis,  the  same  principle  may  also  apply  for  treatment  of 
other  angiogenesis-dependent  nonmalignant  diseases.  Today,  antiangiogenic  drugs 
have  successfully  been  used  for  treatment  of  various  cancers  and  age-related  macu- 
lar disease  in  human  patients.  The  clinical  success  of  antiangiogenic  therapy  crys- 
tallizes more  than  40-year  extensive  preclinical  and  clinical  findings  of  angiogenesis 
research.  It  has  also  paved  new  avenues  for  therapeutic  extensions  to  other  areas 
including  obesity  and  metabolic  disorders. 

Obesity  and  its  related  metabolic  diseases  pose  the  biggest  threat  to  global  human 
health.  Unfortunately,  pharmacological  intervention  of  obesity  by  effective  drugs  is 
not  available  and  development  of  such  effective  drugs  is  an  inevitable  urgent  task 
for  prevention  and  treatment  of  the  fast  growing  obese  population  in  both  developed 
and  developing  countries.  The  original  experimental  evidence  that  expansion  of  the 
adipose  tissue  is  dependent  on  angiogenesis  was  provided  in  mouse  obese  models, 
in  which  treatment  of  obese  animals  with  antiangiogenic  agents  significantly  pre- 
vented obese  development.  These  findings  resemble  the  antitumor  effect  of  angio- 
genesis inhibitors.  As  angiogenesis  is  essentially  required  for  almost  all  tissue 
growth  and  expansion,  the  preclinical  findings  of  antiobesity  effect  by  angiogenesis 
inhibitors  are  probably  not  surprising. 

White  adipose  tissue  (WAT)  and  brown  adipose  tissue  (BAT)  exhibit  opposing 
metabolic  effects,  as  the  former  stores  excessive  energy  and  latter  flames  the  stored 
energy  to  become  heat.  Storage  of  excessive  lipids  in  WAT  and  energy  consumption 
in  BAT  seem  to  be  dependent  on  appropriate  vascular  functions,  which  are  tightly 
controlled  by  the  number  and  structure  of  microvessels  in  the  adipose  tissues.  Thus, 
blood  vessels  might  play  dual  roles  in  modulation  of  adipose  tissue  growth  or  regres- 
sion, depending  on  its  relation  to  the  metabolic  status  of  the  adipose  tissue. 

Emerging  experimental  evidence  shows  that  the  adipose  vascular  system  is  not 
merely  a  pipe-like  structure  that  supplies  oxygen  and  nutrients  for  adipocytes. 
Blood  vessels  in  the  adipose  tissue  may  also  serve  as  a  reservoir  of  stem  cells  that 
under  certain  conditions  differentiate  into  preadipocytes  and  adipocytes.  In  fact, 
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both  vascular  endothelial  cells  and  perivascular  cells  have  been  reported  to  have 
stem  cell  features,  which  allow  them  to  trans-differentiate  into  adipocytes. 
Additionally,  blood  vessels  in  the  adipose  tissue  provide  other  cell  types  including 
stromal  cells  and  inflammatory  cells  that  significantly  modulate  adipocyte  func- 
tions. Similar  to  tumors,  various  cell  types  in  the  adipose  tissue  produce  multiple 
angiogenic  factors  and  cytokines  that  often  collaboratively  modulate  adipogenesis. 
Emerging  evidence  suggests  that  a  complex  interplay  exists  between  these  angio- 
genic factors  and  cytokines. 

This  is  the  first  book  focusing  on  discussion  of  complex  roles  of  the  adipose 
vasculature  in  modulation  of  adipogenesis,  obesity,  and  metabolism.  Although  most 
of  these  findings  are  based  on  preclinical  animal  models,  the  same  mechanism  most 
likely  exists  in  humans.  I  express  my  deepest  appreciation  to  all  coauthors  and  other 
experts  who  have  significantly  contributed  to  the  development  of  this  exciting  field 
and  to  this  comprehensive  book  covering  most  aspects  of  the  adipocyte-vascular 
interface.  I  also  apologize  that  many  other  interesting  aspects  related  to  this  topic 
may  not  be  covered  due  to  the  space  limit  of  this  book. 


Stockholm,  Sweden 


Yihai  Cao,  M.D.,  Ph.D 
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Historical  Review  of  Angiogenesis 


Chapter  1 

Angiogenesis  in  Diseases  and  Therapy 

Yihai  Cao 


Abstract  Angiogenesis  research  has  become  an  increasingly  attractive  field  in 
biomedicine  for  academic  and  pharmaceutical  scientists  because  of  its  broad 
involvement  in  various  human  diseases,  including  the  most  common  and  lethal  dis- 
eases such  as  cancer,  obesity,  cardiovascular  diseases,  chronic  inflammation,  and 
ophthalmological  diseases.  Although  the  initiation  of  angiogenesis  can  be  triggered 
by  distinct  and  overlapping  angiogenic  factors  and  cytokines  in  different  diseases,  a 
common  fundamental  mechanism  that  underlies  the  angiogenic  process  exists  under 
various  pathological  settings.  Targeting  pathological  angiogenesis  has  provided  an 
effective  therapeutic  approach  of  treatment  of  certain  human  diseases.  For  example, 
anti- vascular  endothelial  growth  factor  (anti-VEGF)  drugs  show  markedly  benefi- 
cial effects  in  vision  improvement  in  patients  with  wet  type  of  age-related  macular 
degeneration  (AMD).  Similar  anti-VEGF  drugs  in  combination  with  chemotherapy 
have  also  successfully  been  developed  for  treatment  of  various  cancers  in  human 
patients.  Paradoxically,  promoting  neovascularization  has  also  been  therapeutically 
implied  for  treatment  of  ischemic  diseases  such  as  ischemic  myocardium  and 
chronic  leg  ischemia.  However,  proangiogenic  therapy-based  approaches  have  not 
been  demonstrated  to  be  beneficial  in  rigorous  clinical  trials.  Would  modulation  of 
angiogenesis  offer  a  new  therapeutic  approach  for  treatment  of  obesity  and  its 
related  metabolic  disorders?  In  some  mouse  disease  models,  administration  of 
generic  antiangiogenic  agents  has  provided  supportive  evidence  although  such  an 
approach  needs  validation  in  humans. 

Keywords  Angiogenesis  •  Disease  therapy  •  Obesity  •  Diabetes  •  Cancer  •  Targeted 
therapy  •  Neovascularization 
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1.1    Process  of  Angiogenesis 

Blood  vessel  formation  and  growth  are  achieved  via  several  processes  including 
vasculogenesis,  angiogenesis,  and  intussusception  (Carmeliet  and  Jain  2000;  Cao 
2009a;  Folkman  1996).  While  vasculogenesis  is  essential  for  the  formation  of  the 
first  vascular  structure  including  primitive  cardinal  endothelium  and  aorta  during 
early  stages  of  embryogenesis  (Risau  and  Flamme  1995),  angiogenesis  is  the  key 
process  of  neovascularization  that  employs  vessel  sprouting  from  the  preexisting 
vasculature  (Yancopoulos  et  al.  1998).  It  is  believed  that  endothelial  cells  in  quies- 
cent vasculatures  respond  to  angiogenic  signals  to  proliferate,  migrate,  and  eventu- 
ally form  tubular-like  structures.  In  adults,  vasculatures  in  most  tissues  remain 
quiescent  and  the  dormant  nature  of  these  blood  vessels  suggests  the  existence  of 
negative  regulators  that  prevent  vessel  growth.  In  support  of  this  notion,  numerous 
endogenous  angiogenesis  inhibitors  have  been  identified  in  both  healthy  and  patho- 
logical tissues  (Cao  2001;  O'Reilly  et  al.  1994,  1997;  Nyberg  et  al.  2005).  The  ini- 
tiation of  an  angiogenic  phenotype  requires  high  levels  of  angiogenic  stimuli  to 
override  negative  regulators,  tipping  the  balance  toward  vascular  spouting  (Cao 
2004).  Indeed,  high  levels  of  angiogenic  factors  including  vascular  endothelial 
growth  factor  (VEGF),  fibroblast  growth  factor  (FGF),  platelet-derived  growth  fac- 
tor (PDGF),  angiopoietins,  and  hepatocyte  growth  factor  (HGF)  are  often  found  in 
tissues  that  undergo  neovascularization  (Cao  et  al.  2009).  These  angiogenic  driving 
factors  are  especially  expressed  at  high  levels  in  tumors  and  other  pathological  tis- 
sues that  encounter  tissue  ischemia. 

In  response  to  angiogenic  signals,  endothelial  cells  have  to  break  down  the  base- 
ment membrane  to  migrate  and  proliferate,  leading  to  an  organized  and  directed 
growth  cone.  This  process  is  controlled  by  several  signaling  systems  in  which  the 
interplay  between  VEGF  and  Notch  signaling  systems  is  primarily  essential  to 
ensure  the  formation  of  an  optimal  vascular  network  (Cao  et  al.  2009;  Benedito 
et  al.  2012;  Sawamiphak  et  al.  2010;  Tammela  et  al.  2008;  Hellstrom  et  al.  2007; 
Siekmann  and  Lawson  2007;  Ridgway  et  al.  2006;  Noguera-Troise  et  al.  2006). 
In  the  presence  of  VEGF,  inhibition  of  the  Notch  signaling  pathway  results  in  exces- 
sive formation  of  endothelial  cell  tips  and  vascular  networks.  The  D114-triggered 
Notch  signaling  prevents  the  undirected  tip  formation  in  the  angiogenic  growth 
cone,  leading  to  the  directed  growth  of  angiogenic  vessels  (Hellstrom  et  al.  2007; 
Siekmann  and  Lawson  2007;  Ridgway  et  al.  2006;  Noguera-Troise  et  al.  2006) 
(Fig.  1.1).  Concomitant  to  the  vascular  sprouting  process,  angiogenic  vessels  recruit 
peri- vascular  cells  or  mural  cells,  i.e.,  pericytes  and  vascular  smooth  muscle  cells, 
to  remodel  and  stabilize  the  nascent  vasculature  (Gerhardt  et  al.  2003).  Peri- vascular 
coverage  also  prevents  the  excessive  and  undirected  sprouting  from  blood  vessels. 

In  pathological  tissues,  blood  vessels  exhibit  several  abnormalities  that  distin- 
guish them  from  healthy  vasculatures.  For  example,  in  tumor  tissues  vasculatures 
usually  appear  as  disorganized  and  tortuous  primitive  vascular  networks  that  are 
highly  leaky  (Cao  2005,  2009a)  (Figs.  1.1  and  1.2)  One  of  the  key  reasons  why 
tumor  vessels  possess  these  pathological  features  is  that  VEGF  expression  levels  are 
high  in  the  tumor  microenvironment.  Genetic  alterations  in  tumor  cells  often  lead  to 
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DII4  ove  rex- 
Vector  tumor  +  DAPT  pressing  tumor 


Fig.  1.1  Role  of  Notch  signaling  in  the  formation  of  a  vascular  network.  Suppression  of  Notch 
signaling  using  DAPT  (middle)  results  in  the  formation  of  a  disorganized  vascular  network  as 
compared  to  the  vector  tumor  (left).  Overexpression  of  D114  triggers  Notch  signaling  and  thereby 
prevents  undirected  tip  formation  resulting  in  a  more  normalized  vascular  structure  (right;  green: 
GFP-labelled  tumor  cells;  red:  CD31-positive  endothelial  cells) 


Fig.  1.2  Tumor  tissue  vasculatures  are  commonly  disorganized  and  leaky.  Tumor  vessels  were 
detected  using  the  endothelial  marker  CD31  (red  color).  Perfusion  with  70  kDa  lysine-fixable 
rhodamine  dextran  (green  color)  results  in  extravasation  of  a  large  percentage  of  dextran  indicating 
the  high  permeability  and  leakiness  of  the  tumor  vessels  (white  arrowheads:  extravasated 
dextran) 

elevated  levels  of  VEGF  expression  (Konishi  et  al.  2000;  Sager  1989).  Additionally, 
infiltration  of  other  cell  types  such  as  stromal  fibroblasts  and  inflammatory  cells  also 
significantly  contributes  to  VEGF  production  (Dong  et  al.  2004;  Crawford  et  al. 
2009;  Inoue  et  al.  2002).  It  is  known  that  the  tumor  cells  and  the  tumor  microenviron- 
ment  are  exposed  to  tissue  hypoxia  that  substantially  upregulates  VEGF  expression 
via  transcriptional  activation  of  the  hypoxia-inducible  factor  la  (HIF-la)  system 
(Makino  et  al.  2001;  Maxwell  et  al.  1999;  Carmeliet  et  al.  1998;  Maltepe  et  al.  1997; 
Mukhopadhyay  et  al.  1995;  Millauer  et  al.  1994;  Shweiki  et  al.  1992).  VEGF  is  also 
a  potent  vascular  permeability  factor  that  stimulates  vascular  leakiness  (Dvorak  et  al. 
1985;  Senger  et  al.  1983).  VEGF-induced  angiogenesis  and  vascular  permeability 
are  mediated  mainly  via  the  VEGFR-2-triggered  signaling  pathway  (Eriksson  et  al. 
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2003;  Cao  2009b).  Based  on  its  broad  and  pivotal  role  in  tumor  angiogenesis,  VEGF 
and  its  receptor  signaling  pathways  have  become  attractive  targets  for  anticancer 
drug  development  (Hurwitz  et  al.  2004;  Motzer  et  al.  2007;  Escudier  et  al.  2007). 
In  fact,  today's  most  commonly  used  antiangiogenic  drugs  used  in  cancer  patients 
are  based  on  inhibition  of  the  VEGF  signaling  system  (see  below). 


1.2    Adipose  Angiogenesis 

Among  all  tissues,  adipose  tissues  are  extraordinarily  hypervascularized,  and  per- 
haps brown  adipose  tissue  (BAT)  is  the  most  vascularized  tissue  in  the  body 
(Rupnick  et  al.  2002;  Lim  et  al.  2012;  Xue  et  al.  2010;  Cao  2007, 2010a;  Brakenhielm 
and  Cao  2008;  Brakenhielm  et  al.  2004).  In  both  white  adipose  tissue  (WAT)  and 
BAT,  each  adipocyte  is  engulfed  with  microvessels  that  nourish  and  communicate 
with  adipocytes  (Rupnick  et  al.  2002;  Lim  et  al.  2012;  Xue  et  al.  2010;  Cao  2007, 
2010a;  Brakenhielm  and  Cao  2008;  Brakenhielm  et  al.  2004).  Unlike  most  other 
tissues  in  the  body,  adipose  tissues,  especially  WAT,  undergo  constant  expansion 
and  shrinkage  during  the  entire  adulthood  (Cao  2007,  2010a).  Adipose  plasticity 
also  demands  adipose  vascular  changes  that  growth  and  regression  relentlessly 
occur  in  order  to  cope  with  the  adipose  metabolic  demand.  Existence  of  high 
microvessel  density  in  WAT  and  BAT  suggests  that  adipocytes  and  probably  other 
cell  types  in  the  adipose  microenvironment  produce  angiogenic  factors  to  maintain 
vascular  homeostasis.  In  addition  to  production  of  a  range  of  classical  angiogenic 
factors,  adipocytes  produce  several  adipokines  including  leptin,  adiponectin,  resis- 
tin,  and  visfatin  that  modulate  angiogenesis  and  vascular  functions  (Cao  2007). 
Adipose  tissues  also  produce  endogenous  angiogenesis  inhibitors  that  may  involve 
in  maintenance  of  vascular  homeostasis  and  vascular  regression  (Cao  2007). 

Although  both  WAT  and  BAT  are  highly  vascularized  tissues,  the  vasculature  in 
these  tissues  may  display  opposing  functions.  In  expanding  WAT,  the  switch  of  an 
angiogenic  phenotype  could  potentially  facilitate  energy  deposition,  whereas  the 
same  angiogenic  phenotype  may  facilitate  energy  consumption  in  metabolically 
active  BAT  (Cao  2010a).  In  metabolically  active  adipose  tissues,  microvessels  also 
play  essential  role  in  removing  metabolic  products.  Bulky  recent  data  demonstrate 
that  vascular  cells  are  the  important  source  of  supplying  adipose  precursor  cells  that 
can  differentiate  into  adipocytes  (Kahn  2008;  Gupta  et  al.  2012;  Tran  et  al.  2012). 
Thus,  blood  vessels  in  the  adipose  tissue  do  not  merely  provide  nutrients  and  oxy- 
gen for  adipocytes  but  also  serve  as  a  reservoir  of  stem  cells. 


1.3    Angiogenesis  in  Metabolic  Diseases 

Angiogenesis  has  been  associated  with  development  of  metabolic  diseases  includ- 
ing type  II  diabetes  and  cancer  (Folkman  1971;  Smith  et  al.  1999;  Gariano  and 
Gardner  2005).  Obesity-associated  diabetic  mellitus  is  a  major  worldwide 
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metabolic  disease  and  its  prevalence  is  constantly  increasing.  A  substantial  number 
of  diabetic  patients  eventually  develop  complications  affecting  multiple  organs  and 
tissues.  Proliferative  diabetic  retinopathy  (PDR)  and  diabetic  macular  edema  (DME) 
are  the  two  most  common  and  severe  retinal  complications  that  are  sight  threatening 
in  diabetic  patients  (Smith  et  al.  1999;  Gariano  and  Gardner  2005).  Interestingly, 
pathological  angiogenesis  and  vascular  dysfunctions  are  the  primary  cause  for 
development  of  these  diabetic  complications  (Hellstrom  et  al.  2007;  Takeda  et  al. 
2009;  Ferrara  and  Alitalo  1999).  In  particular,  the  ischemia-induced  VEGF  expres- 
sion has  causally  been  linked  to  the  development  and  progression  of  these  retinal 
complications.  As  VEGF  displays  both  angiogenic  and  vascular  permeability  effects 
on  blood  vessels,  this  factor  is  considered  as  a  crucial  target  for  therapeutic  develop- 
ment of  effective  drugs.  Early  clinical  assessments  of  anti-VEGF  drugs  in  PDR 
patients  have  demonstrated  some  clinical  benefits  (Boras  et  al.  2011;  Kakkassery 
et  al.  2010;  Nicholson  and  Schachat  2010). 

In  addition  to  retinal  complications,  diabetic  patients  often  suffer  from  kidney 
complications  in  association  with  tissue  hypoxia.  Vascular  dysfunction-induced 
hypoxia  induces  HIF-loc  expression,  which  is  modulated  by  prolylhydrylases 
(PHDs)  (Miyata  and  de  Strihou  2010).  The  vascular  changes  in  diabetic  kidney 
include  reduction  of  the  total  number  of  peritubular  capillaries  by  mechanisms  of 
reduction  of  angiotensin  II  and  nitric  oxide,  anemia,  and  high  oxygen  consumption 
(Carmeliet  and  Jain  2011;  Manalo  et  al.  2011;  Yu  et  al.  2012;  Schodel  et  al.  2009; 
Nangaku  2009).  Targeting  PHDs  have  been  implied  for  the  treatment  of  diabetic 
nephropathy  although  clinical  benefits  based  on  this  type  of  approached  need  future 
validation. 

Opposing  to  hypervascularization  in  retinopathy  and  nephropathy,  impaired 
angiogenesis  often  presents  in  legs  of  diabetic  patients,  leading  to  development  of 
chronic  ulcers.  In  this  case,  promoting,  but  not  inhibiting,  angiogenesis  offers  an 
alternative  attractive  approach  for  therapy.  In  fact,  topical  delivery  of  proangiogenic 
factors  such  as  PDGF-BB  has  currently  been  used  for  treatment  of  chronic  diabetic 
ulcers  (Mulder  et  al.  2009;  Steed  2006).  Thus,  targeting  angiogenesis  based  on 
opposing  principles  has  been  used  for  treatment  of  various  diabetes-associated  clin- 
ical complications. 


1.4    Antiangiogenic  Cancer  Therapy 

The  original  concept  that  tumor  growth  is  dependent  on  angiogenesis  and  inhibition 
of  tumor  angiogenesis  would  be  a  novel  approach  for  cancer  therapy  was  proposed 
by  Dr.  Judah  Folkman  41  years  ago  (Folkman  1971).  In  most  preclinical  experimen- 
tal settings,  inhibition  of  tumor  angiogenesis  has  produced  remarkable  effects  on 
suppression  of  tumor  growth  (Cao  et  al.  2011;  Cao  and  Langer  2010).  Based  on 
these  exciting  findings  in  preclinical  animal  models,  the  antiangiogenic  principle 
has  become  an  important  and  attractive  approach  for  both  pharmaceutical  industry 
and  academic  scientists  for  development  of  cancer  drugs. 
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There  are  two  classes  of  angiogenesis  inhibitors,  broad- spectrum  endogenous 
angiogenesis  inhibitors  and  angiogenic  factor  antagonists  (Cao  2009a;  Folkman 
2006,  2007).  Endogenous  angiogenesis  inhibitors  are  those  biological  molecules 
that  naturally  exist  in  our  body.  For  example,  angiostatin,  endostatin,  and  thrombo- 
spondin-1  are  all  endogenous  angiogenesis  inhibitors  that  display  physiological  and 
pathological  functions  by  regulation  of  angiogenesis  and  vascular  homeostasis 
(O'Reilly  et  al.  1994,  1997;  Dameron  et  al.  1994).  It  has  been  proposed  that  endog- 
enous angiogenesis  inhibitors  are  often  expressed  at  high  levels  to  prevent  vessel 
growth.  In  tumors,  this  endogenous  angiogenesis  inhibitor-dominant  situation  can 
be  altered  by  overproduction  of  angiogenic  factors,  tipping  toward  an  angiogenic 
phenotype.  Endogenous  angiogenesis  inhibitors  and  many  generic  antiangiogenic 
agents  usually  block  endothelial  cell  proliferation  and  migration  via  undefined  and 
broad  signaling  pathways  (Cao  2001;  Folkman  2007).  They  often  inhibit  endothe- 
lial cell  growth  independent  from  the  source  of  angiogenic  stimuli.  Angiogenic  fac- 
tor antagonists  and  angiogenic  signaling  pathway  inhibitors  usually  specifically 
block  one  or  several  signaling  systems  required  for  endothelial  cell  growth  or  vas- 
cular functions.  For  example,  bevacizumab  and  ramucirumab  specifically  block 
VEGF-  and  VEGFR-2-triggered  signaling  systems  (Hurwitz  et  al.  2004;  Garon 
et  al.  2012;  Krupitskaya  and  Wakelee  2009),  respectively,  whereas  sunitinib, 
sorafenib,  and  pazopanib  target  a  broad  spectrum  of  tyrosine  kinases  including 
VEGF  receptors  (Motzer  et  al.  2007;  Escudier  et  al.  2007;  Xu  et  al.  201 1). 

The  first  marketed  antiangiogenic  drug,  bevacizumab,  for  the  treatment  of  cancer 
disease  was  approved  by  the  US  FDA  in  2004  (Hurwitz  et  al.  2004).  Bevacizumab 
as  a  neutralizing  antibody  specifically  blocks  VEGF  and  thus  it  is  a  monospecific 
drug.  Initially,  bevacizumab  was  approved  for  treatment  of  advanced  and  metastatic 
colorectal  cancers  in  combination  with  the  standard  chemotherapy  (Hurwitz  et  al. 
2004).  Unlike  in  mouse  tumor  models,  administration  of  bevacizumab  alone  in  can- 
cer patients  has  not  yielded  statistical  survival  improvement.  Why  would  anti-VEGF 
monotherapy  be  effective  in  mouse  tumor  models,  but  ineffective  in  human  patients? 
What  are  the  differences  between  mouse  tumor  models  and  human  cancer  patients? 
These  critical  issues  remain  currently  unresolved  (Cao  201 1).  Antiangiogenic  drug- 
based  combination  therapy  containing  chemotherapeutics  produced  therapeutic 
benefits  compared  with  chemotherapy  alone  although  the  survival  benefits  in  most 
cancer  types  remain  modest  (Kerbel  2008).  Antiangiogenic  therapy  is  currently 
being  used  as  one  of  the  key  components  in  the  frontline  and  standard  therapy  for 
treatment  of  several  cancer  types  including  colorectal  cancer,  lung  cancer,  renal  cell 
carcinoma,  and  gastrointestinal  cancers  (Hurwitz  et  al.  2004;  Friedman  et  al.  2009; 
Ignoffo  2004;  Miklos  2012;  Mountzios  and  Pentheroudakis  2012;  Sculier  et  al. 
2007;  Sharieff  2004;  Sonpavde  2003;  Tol  et  al.  2008). 

Several  mechanistic  rationales  have  been  proposed  to  explain  the  therapeutic 
benefit  based  on  combination  therapy.  Vascular  normalization  is  one  of  the  attrac- 
tive hypotheses  that  explain  the  possible  mechanism  underlying  antiangiogenic 
therapy  (Jain  2005).  Tumor  vasculatures  often  appear  as  disorganized  primitive  vas- 
cular networks  that  are  highly  leaky.  The  key  reason  why  these  tumor  vessels  are 
highly  disorganized,  tortuous,  and  leaky  is  that  tumors  often  produce  VEGF  at  high 
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levels  and  VEGF  induces  vascular  leakage  and  disorganization.  Anti-VEGF  drugs 
can  significantly  improve  the  structure  of  tumor  vessels,  leading  to  a  normalized 
phenotype.  The  anti-VEGF-induced  vascular  normalization  significantly  improves 
the  leaky  features  and  blood  perfusion  that,  in  the  presence  of  chemotherapeutics, 
improve  drug  delivery  (Batchelor  et  al.  2007).  Thus,  anti-VEGF  drug-induced  vas- 
cular normalization  may  significantly  modulate  chemotherapy-based  therapeutic 
efficacy.  However,  a  recent  study  in  human  cancer  patients  does  not  support  these 
preclinical  findings  (Van  der  Veldt  et  al.  2012). 

Another  interesting  hypothesis  of  explicating  the  mechanism  underlying  the 
combination  of  antiangiogenic  drugs  with  chemotherapy  is  that  antiangiogenic 
agents  might  increase  tolerance  of  chemotoxicity.  It  has  been  shown,  in  mouse 
tumor  models,  that  tumor-derived  VEGF  significantly  impairs  the  bone  marrow 
function  by  suppression  of  hematopoiesis  (Xue  et  al.  2008;  Zhang  et  al.  2011).  It  is 
known  that  most  chemotherapeutics  also  inhibit  hematopoiesis  in  the  bone  marrow. 
Chemotherapy  treatment  of  high  VEGF-producing  tumors  resulted  in  severe  sup- 
pression of  bone  marrow  hematopoiesis,  leading  to  early  death  of  tumor-bearing 
mice  (Zhang  et  al.  2011).  However,  treatment  of  these  tumor-bearing  mice  with 
anti-VEGF  drugs  prior  to  chemotherapy  led  to  a  significant  increase  of  survival  by 
improving  bone  marrow  hematopoiesis  (Zhang  et  al.  2011).  Given  the  fact  that  a 
substantial  number  of  cancer  patients  die  of  chemotherapy-related  toxicity,  these 
findings  imply  that  increasing  tolerance  of  chemotoxicity  could  potentially  provide 
an  attractive  mechanism  explaining  combination  therapy. 

Cancer  is  not  a  local  disease,  but  a  systemic  disorder  that  affects  functions  of 
multiple  tissues  and  organs.  In  addition  to  metastasis,  cancer  patients,  especially  at 
the  advanced  stage  of  diseases,  often  develop  various  degrees  of  systemic  symp- 
toms, manifesting  cancer  cachexia  and  paraneoplastic  syndrome.  In  a  mouse  tumor 
model,  it  has  been  shown  that  tumor-derived  VEGF  enters  the  circulation  and  affects 
functions  of  multiple  tissues  and  organs  (Xue  et  al.  2008).  Interestingly,  anti-VEGF 
drugs  at  a  low  dose  can  significantly  improve  survivals  of  these  tumor-bearing  mice 
without  affecting  tumor  growth  (Xue  et  al.  2008).  These  findings  demonstrate  that 
off-tumor  targets  could  potentially  be  beneficial  sites  of  antiangiogenic  drugs.  These 
preclinical  findings  warrant  clinical  validation. 

Clinical  experiences  with  antiangiogenic  drugs  in  cancer  patients  show  that  these 
drugs  also  produce  broad  adverse  effects  by  affecting  multiple  tissue  and  organ 
systems  (des  Guetz  et  al.  201 1 ;  Hapani  et  al.  2009;  Launay-Vacher  and  Deray  2009; 
Randall  and  Monk  2010;  Zhu  et  al.  2007).  Commonly  seen  clinical  adverse  effects 
include  hypertension,  proteinuria,  hemorrhages,  and  gastrointestinal  perforation 
(des  Guetz  et  al.  201 1;  Hapani  et  al.  2009;  Launay-Vacher  and  Deray  2009;  Randall 
and  Monk  2010;  Zhu  et  al.  2007).  In  some  rare  cases,  severe  cardiovascular  compli- 
cations can  occur  and  cause  sudden  death  (des  Guetz  et  al.  201 1).  Since  these  drugs 
are  given  to  cancer  patients  via  the  systemic  delivery  route  and  VEGF  displays 
broad  physiological  functions,  the  systemic  impact  of  these  drugs  is  not  totally 
unexpected.  One  of  the  key  and  urgently  unresolved  issues  related  to  clinical  prac- 
tice of  antiangiogenic  drugs  is  to  define  reliable  biomarkers  that  distinguish  nonre- 
sponsive  patient  population  from  the  likely  responsive  population  (Cao  et  al.  2011; 
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Cao  and  Langer  2010).  Unfortunately,  such  a  reliable  biomarker  is  currently  lacking 
during  clinical  practice.  Noticeably,  cancer  patients  also  develop  resistance  to  anti- 
angiogenic  drugs  (Cao  et  al.  2009).  Although  the  mechanism  underlying  the  resis- 
tance is  not  completely  understood,  it  is  believed  that  multiple  mechanisms  are 
involved  in  development  of  antiangiogenic  drug  resistance. 

While  antiangiogenic  drugs  during  clinical  practice  have  encountered  many 
unpredictable  obstacles,  survival  improvements  by  currently  available  antiangio- 
genic drugs  in  combination  with  chemotherapy  seen  in  various  cancers  are  encourag- 
ing for  development  of  future  more  effective  drugs.  Many  unresolved  challenging 
issues  including  understanding  the  fundamental  mechanism  of  their  actions,  defining 
reliable  biomarkers,  overcoming  drug  resistance,  minimizing  adverse  effects,  opti- 
mizing combinations  with  chemotherapeutics,  and  long-lasting  therapy  have  also 
offered  tremendous  opportunities  for  future  intensive  research  in  this  important  area. 


1.5    Antiangiogenic  Therapy  in  Ophthalmological  Diseases 

Several  angiogenesis-related  ophthalmological  diseases  including  the  wet  type  age- 
related  macular  degeneration  (AMD)  and  diabetic  retinopathy  are  the  most  common 
reasons  of  causing  blindness  in  adult  humans  (Gariano  and  Gardner  2005;  Boras 
et  al.  2011;  Kakkassery  et  al.  2010;  Nicholson  and  Schachat  2010;  Miyata  and  de 
Strihou  2010).  The  onset  and  progression  of  these  retinal  disorders  are  tightly  asso- 
ciated with  vascular  abnormalities,  manifesting  excessive  neovascularization  and 
vascular  leakiness  as  two  major  pathological  features.  VEGF  is  the  key  angiogenic 
factor  that  induces  angiogenesis  and  vascular  permeability  under  these  pathological 
conditions.  Thus,  inhibition  of  VEGF  and  its  signaling  pathways  offers  an  attractive 
and  novel  therapeutic  approach  for  treatment  of  these  ocular  diseases. 

In  2004,  the  US  FDA  approved  the  first  anti-VEGF  drug,  pegaptanib  (macugen, 
an  anti-VEGF  aptamer),  for  treatment  of  wet  AMD  in  human  patients  (Gragoudas 
et  al.  2004).  Subsequently,  the  FDA  authority  approved  ranibizumab  (Stone  2006; 
Brown  et  al.  2006;  Rosenfeld  et  al.  2006;  Steinbrook  2006)  (lucentis,  a  Fab  frag- 
ment of  anti-VEGF  monoclonal  antibody)  for  treatment  of  wet  type  of  AMD.  Unlike 
anti-VEGF  drugs  in  oncology  applications,  anti-VEGF  drugs  have  been  used  as 
monotherapy  for  treatment  of  AMD  and  have  shown  very  robust  effects  in  improve- 
ment of  vision.  It  has  been  noticed  that  anti- vascular  edema  is  one  of  the  major 
mechanisms  underlying  clinical  benefits.  Bevacizumab,  as  a  parental  molecule  of 
ranibizumab,  has  also  been  used  as  an  off-label  anti-VEGF  drug  for  treatment  of 
AMD  (Martin  and  Maguire  201 1).  Today,  anti-VEGF  drugs  are  the  most  commonly 
used  effective  drugs  for  treatment  of  the  wet  type  of  AMD.  Additionally,  anti-VEGF 
drugs  as  monotherapy  have  also  entered  clinical  trials  for  treatment  of  diabetic  reti- 
nopathy and  early  clinical  phase  evaluation  shows  beneficial  effects  for  this  indica- 
tion (Zechmeister-Koss  and  Huic  2012).  Thus,  anti-VEGF  drugs  have  revolutionized 
clinical  management  of  these  otherwise  untreatable  eye  diseases. 
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In  paradox  to  antiangiogenic  therapy  for  treatment  of  cancer  and  ophthalmological 
disorders,  promoting  angiogenesis  has  also  been  implemented  for  treatment  of  dis- 
eases (Powell  et  al.  2008;  Khurana  et  al.  2005;  Simons  2005).  It  was  originally 
hypothesized  that  stimulation  of  angiogenesis  would  be  clinically  beneficial  for 
treatment  of  ischemia-related  diseases  including  ischemic  myocardium  and  chronic 
leg  ischemia.  This  concept  remains  undisputed  and  has  been  proved  in  various  pre- 
clinical models  by  delivery  of  proangiogenic  factors  to  the  ischemic  tissues. 
However,  clinical  translation  of  this  concept  and  preclinical  findings  remain  largely 
disappointing  and  unfulfilled  promises  (Powell  et  al.  2008;  Khurana  et  al.  2005; 
Simons  2005).  Several  rigorous  clinical  trials  using  various  proangiogenic  factors 
including  VEGF  and  FGF  have  not  demonstrated  clinical  benefits  for  treatment  of 
these  ischemic  disorders  (Powell  et  al.  2008;  Khurana  et  al.  2005;  Simons  2005). 
It  is  not  known  why  human  patients  responded  differently  from  animal  models.  One 
of  the  possibilities  to  explain  clinical  failure  is  that  these  trials  have  been  performed 
as  monotherapy  by  delivering  a  single  proangiogenic  factor  to  the  pathological  site. 
For  improvement  of  vascular  functions  in  ischemic  muscle  tissues,  it  is  desirable  to 
establish  collateral  vascular  networks  rather  than  primitive  vessels  without  appro- 
priate functions.  The  arterial  vessel  wall  consists  of  two  cell  types:  endothelial  cells 
and  vascular  smooth  muscle  cells.  These  cellular  composition  features  suggest  that 
a  combination  of  arteriogenic  and  angiogenic  factors  should  be  considered  for  ther- 
apeutic development  (Cao  2010b).  In  supporting  this  view,  a  combination  of  arterio- 
genic factor  such  as  PDGF-BB  and  angiogenic  factor  FGF  or  VEGF  has  produced 
improved  therapeutic  benefits  relative  to  their  monotherapy  (Zhang  et  al.  2009;  Cao 
et  al.  2003,  2008;  Nissen  et  al.  2007;  Lu  et  al.  2007;  Cao  and  Liu  2007;  Richardson 
et  al.  2001).  To  date,  combination  therapy-based  approaches  have  not  been  assessed 
in  human  trials. 


1.7    Conclusions  and  Perspectives 

Angiogenesis  is  essentially  involved  in  development  of  most  common  and  lethal 
human  diseases.  Understanding  the  fundamental  mechanism  of  the  angiogenic  pro- 
cess and  functions  of  key  regulators  under  pathological  conditions  provides  tremen- 
dous opportunities  for  therapeutic  intervention.  Clinical  successes  in  oncology  and 
ophthalmology  areas  have  laid  the  cornerstone  for  future  drug  development  for 
treatment  of  various  angiogenesis-dependent  diseases.  Although  the  intensive  basic 
research  on  angiogenesis  has  provided  invaluable  clues  for  clinical  implications, 
clinical  practice  with  antiangiogenic  drugs  has  raised  many  unexpected  issues  that 
do  not  seem  to  match  or  even  be  against  principles  seen  in  various  animal  models. 
This  is  particularly  true  in  the  area  of  antiangiogenic  cancer  therapy.  The  only  way 
to  resolve  these  clinically  related  issues  is  to  understand  the  fundamental 
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mechanisms  of  vascular  functions  in  modulating  tumor  growth  and  invasion  in 
human  patients.  This  task  demands  intimate  collaborations  between  basic  scientists 
and  clinical  oncologists.  Improvement  of  therapeutic  efficacy  of  current  existing 
antiangiogenic  drugs  and  future  development  of  more  effective  drugs  remain  chal- 
lenging. It  is  anticipated  that  antiangiogenic  therapy  will  be  further  expanded  in 
treatment  of  many  more  human  diseases  and  will  become  one  of  the  most  important 
therapeutic  approaches  for  improvement  of  quality  of  life  and  survival. 
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Part  II 

Spatiotemporal  Relation  of  Adipocytes  and 

Vascular  Cells  During  Development 


Chapter  2 

Adipose  Stem  Cells 

Carolyn  Algire,  Dasa  Medrikova,  and  Stephan  Herzig 


Abstract  Once  considered  an  inert  mass  of  stored  energy,  the  past  2  decades  have 
seen  a  surge  in  interest  in  the  complexity  of  adipose  tissue  and  its  role  in  disease.  In 
addition  to  serving  as  a  site  for  energy  storage,  adipocytes  secrete  proteins  involved 
in  inflammation,  appetite  regulation,  blood  pressure  control,  and  energy  balance. 
Adipocytes  are  unique  in  their  ability  to  store  large  quantities  of  lipids  that  can  be 
rapidly  released  and  used  for  energy  by  other  organs,  when  necessary;  however, 
excessive  adipose  tissue,  particularly  in  the  visceral  adipose  tissue  depot,  is  associ- 
ated with  increased  risk  of  insulin  resistance,  cardiovascular  disease,  and  cancer.  As 
such,  adipose  tissue  is  capable  of  extensive  expansion  or  retraction  depending  on 
the  energy  balance  or  disease  state  of  the  host,  a  plasticity  that  is  unparalleled  in 
other  organs.  Expansion  of  adipose  tissue  is  driven  by  both  hypertrophy  and  hyper- 
plasia of  adipocytes,  which  can  renew  frequently  to  compensate  for  cell  death,  sug- 
gesting the  necessity  of  adipocyte  progenitor  cells  within  the  adipose  tissue  depot, 
that  are  capable  of  differentiating  into  mature  and  functional  adipocytes. 

Epidemiological  studies  estimate  that  more  than  one  billion  people  worldwide 
are  overweight  and  at  least  400  million  clinically  obese.  Therefore,  in  order  to 
combat  the  global  obesity  pandemic,  the  origin  and  the  molecular  mechanisms 
controlling  the  development  and  expansion  of  adipocytes  must  be  fully  understood 
so  that  novel  approaches  to  prevention  and  therapy  can  be  developed. 

Keywords  Adipose  tissue  •  Stem  cells  •  White  adipose  tissue  •  Brown  adipose 
tissue  •  Obesity  •  Cell  differentiation  •  Signaling  •  Transcription  factors 
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2.1    Developmental  Origin  of  Adipose  Tissue 

Formation  of  adipose  tissue  commences  shortly  after  birth  in  most  rodents  and  dur- 
ing mid-gestation  in  higher  mammals,  including  humans. 

The  generation  of  mature  adipocytes  comprises  two  phases:  determination  and 
differentiation.  In  this  process,  multipotent  stem  cells  become  adipoblasts  that  can 
further  differentiate  into  pre-adipocytes,  cells  already  committed  to  become  fat 
cells.  Under  appropriate  stimulation,  in  the  ultimate  phase  of  differentiation,  pre- 
adipocytes  convert  to  mature,  lipid-laden  adipocytes. 

The  first  phase,  determination,  involves  the  commitment  of  multipotent  stem 
cells  to  the  adipocyte  lineage,  at  which  point  the  cell  is  referred  to  as  a  pre- 
adipocyte.  During  the  second  phase,  terminal  differentiation,  the  pre-adipocyte 
undergoes  multiple  rounds  of  mitosis  before  exiting  the  cell  cycle  and  differentiat- 
ing into  a  mature  adipocyte.  In  the  progression  from  pre-adipocyte  to  adipocyte, 
the  cell  takes  on  the  characteristics  and  metabolic  capabilities  of  a  mature  adipo- 
cyte while  under  the  control  of  a  series  of  tightly  regulated  transcriptional  and 
morphological  changes.  White  adipose  tissue  (WAT)  is  readily  available  for  study 
from  human  patient  samples  and  experimental  animal  models;  however,  it  is  diffi- 
cult to  maintain  in  vitro  and  cannot  be  expanded.  Terminal  differentiation  is  more 
extensively  characterized  in  immortalized  cell  lines,  such  as  the  mouse  line  3T3-L1 
(Green  and  Kehinde  1975;  Russell  and  Ho  1976),  which  can  undergo  one  or  two 
rounds  of  cell  division  prior  to  differentiation  and  pre-adipocyte  cell  lines  that  dif- 
ferentiate without  post-confluence  mitosis  (e.g.,  C3H10T1/2).  Pre-adipocytes 
maintain  the  ability  to  divide  and  have  been  reported  to  have  a  turnover  rate  of  up 
to  4.5  and  5  %  per  day  for  humans  and  mice,  respectively.  Mature  adipocytes  are 
widely  believed  to  have  lost  the  ability  to  divide  following  the  completion  of  termi- 
nal differentiation,  and  adipocyte  turnover  has  been  reported  to  be  up  to  10  %  per 
year  (Spalding  et  al.  2008). 


2.1.1    White  Adipogenesis 

2.1.1.1    Adipose  Tissue-Resident  Progenitors 

Adipose  tissue  is  characterized  by  striking  plasticity,  namely  the  capability  of 
expansion  and  retraction,  depending  on  changes  in  energy  supply  and  demand, 
respectively.  In  adulthood,  two  means  of  adipose  tissue  expansion  exist,  hypertro- 
phy and  hyperplasia,  which  are  complementary  to  each  other.  Hypertrophy  is  char- 
acterized by  the  enlargement  of  adipocytes,  while  hyperplasia  leads  to  increased 
number  of  adipocytes  (Sun  et  al.  2011).  As  mature  adipocytes  have  lost  the  ability 
to  divide,  hyperplasia  of  adipose  tissue  must  be  achieved  by  differentiation  of  pre- 
cursor cells.  Adipocyte  progenitors  derive  from  pluripotent  mesenchymal  stem 
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Fig.  2.1  Origin  of  adipocytes.  Adipocytes  (white,  inducible  brown,  and  brown)  are  mainly  derived 
from  mesenchymal  stem  cells  (MSC)  of  mesodermal  origin.  MSC  are  present  in  almost  every 
organ  in  the  body  and  according  to  the  localization  give  rise  to  different  cell  types,  including  cells 
of  adipogenic  and  myogenic  lineage.  White  adipocytes  are  derived  from  progenitors  of  adipogenic 
lineage  or  hematopoietic  progenitors.  Inducible  brown  adipocytes  differentiate  directly  from  adi- 
pocyte progenitors  or  may  be  produced  through  transdifferentiation  from  white  adipocytes. 
Whether  or  not  these  cells  can  be  derived  from  hematopoietic  progenitors  is  not  known.  Finally, 
brown  adipocytes  originate  from  progenitors  of  myogenic  lineage 


cells  (MSC)  (Fig.  2.1),  which  are  capable  of  differentiating  into  cells  of  both  meso- 
dermal (myocytes,  adipocytes,  chondrocytes,  and  osteoblasts)  (Pittenger  et  al. 
1999;  Prockop  1997)  and  non-mesodermal  (Ashjian  et  al.  2003;  Brzoska  et  al. 
2005;  Ning  et  al.  2006)  origin. 

Adipocyte  progenitors  arise  from  the  mesoderm  and  are  localized  to  areas  along 
blood  capillaries  (Poissonnet  et  al.  1984),  indicating  that  adipose  tissue  develops  in 
coordination  with  vasculature.  MSC  can  be  isolated  from  the  stromal  vascular  frac- 
tion (SVF)  of  adipose  tissue;  however,  the  proliferative  and  adipogenic  capacity  of 
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these  cells  is  significantly  affected  by  the  location  of  the  depot  from  which  they 
were  isolated  and  diverse  conditions  such  as  aging  and  obesity. 

In  contrast  to  hematopoietic  stem  cells,  a  clear  definition  of  cells  considered 
to  be  adipose  tissue  stem  cells  is  lacking;  however,  Rodeheffer  et  al.  (2008) 
largely  contributed  to  the  characterization  of  adipocyte  precursors  by  applying 
fluorescence- activated  cell  sorting  (FACS)  on  freshly  isolated  SVF  to  separate  dis- 
tinct cell  subpopulations  based  on  well-defined  stem  cell  markers.  Thus,  hemato- 
poietic and  endothelial  cells  were  sorted  out  from  the  SVF,  leading  to  the  creation 
of  a  lineage-negative  (Lin-)  population.  From  the  Lin-  population,  cells  positive 
for  antigens  CD34  and  CD29  were  selected  as  they  demonstrated  high  adipogenic 
potential.  Finally,  based  on  staining  for  stem  cell  antigen- 1  (Sca-1)  and  CD24,  two 
surface  markers  known  to  be  expressed  on  stem  cells  in  different  tissues,  the  pro- 
genitor population  was  defined  as  Lin-/CD29+/CD34+/Sca-1+/CD24+,  and  its 
adipogenic  potential  was  confirmed  in  vivo  by  injecting  Lin-/CD29+/CD34+/Sca- 
1+/CD24+  cells  into  lipodystrophic  or  high-fat  diet-fed  mice,  where  this  cell  popu- 
lation was  capable  of  forming  functional  adipose  tissue. 

In  order  to  identify  adipose  tissue  progenitors  and  their  localization  within  fat 
tissue,  Tang  et  al.  (2008)  used  lineage  tracing  based  on  the  labeling  of  cells  that 
express  peroxisome  proliferator-activated  receptor  gamma  (PPARy),  the  master 
regulator  of  adipogenesis.  Labeled  cells  were  found  in  the  SVF  and  exhibited  con- 
siderable proliferative  capacity  and  adipogenic  potential,  both  in  culture  and  after 
transplantation  to  nude  mice.  Immunohistochemical  examination  revealed  that 
PPARy  expressing  cells  were  localized  to  the  adipose  vasculature  and  express  the 
above  mentioned  Sca-1  and  CD34,  in  addition  to  known  mural  cell  markers  (smooth- 
muscle  actin  (SMA),  platelet-derived  growth  factor  receptor  beta  (PDGFRP)  and 
chondroitin  sulfate  proteoglycan  4  known  as  NG2),  indicating  that  adipocyte  pro- 
genitors reside  in  the  mural  cell  compartment  of  adipose  depot.  A  close  relationship 
between  newly  arising  adipocytes  and  vasculature  was  also  shown  (Tran  et  al.  2012) 
using  reporter  genes  expressed  under  the  VE-cadherin  promoter.  VE-cadherin  is 
indispensable  for  vasculature  formation;  however,  it  was  also  found  to  be  expressed 
in  pre-adipocytes.  Together  with  morphological,  immunohistochemical,  and  gene 
expression  analyses,  these  results  support  the  notion  that  pericytes  (endothelial  cells 
that  surround  capillaries)  could  serve  as  a  source  of  adipocyte  progenitors. 

Studies  of  progenitor  cells  in  humans  are  primarily  based  on  FACS  analysis  and 
immunohistochemistry.  Similar  to  mice,  human  adipose  tissue-derived  stem  cells 
were  shown  to  express  stem  cell  markers  Sca-1  and  CD34  and  were  localized  in 
close  proximity  to  the  vascular  network  (Lin  et  al.  2008).  Furthermore,  pericyte 
marker  CD  146  has  been  detected  on  adipose-derived  progenitors  and  the  adipo- 
genic potential  of  those  cells  was  confirmed  after  cell  sorting  (Zimmerlin  et  al. 
2010).  Under  angiogenic  conditions,  human  adipose  tissue  explants  have  angio- 
genic capabilities  and  can  form  new  vessels,  ex  vivo,  lined  with  cells  containing 
lipid  droplets  (Tran  et  al.  2012).  Overall,  recent  reports  strongly  support  endothelial 
origin  of  human  adipocytes,  and  propose  a  close  relationship  between  adipogenic 
and  angiogenic  processes. 
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2.1.1.2    Adipose  Tissue  Nonresident  Progenitors 

Previously,  the  proposed  source  of  progenitors  for  formation  of  new  adipocytes  has 
been  restricted  to  adipose  tissue-resident  cells;  however,  a  reason  for  reevaluation  of 
this  notion  has  emerged.  It  was  shown  that  progenitors  from  other  tissues  could  also 
contribute  to  the  generation  of  new  adipocytes  (Crossno  et  al.  2006;  Majka  et  al. 
2010;  Sera  et  al.  2009).  Bone  marrow  containing  a  marked  number  of  hematopoietic 
and  mesenchymal  progenitors  seems  to  be  a  promising  candidate  (Fig.  2.1).  After 
transplantation  of  green  fluorescent  protein  (GFP)-labeled  bone  marrow-derived 
hematopoietic  cell  subpopulation  into  irradiated  wild-type  mice,  GFP-expressing 
adipocytes  appeared  in  the  adipose  tissue  of  recipient  animals  (Crossno  et  al.  2006). 
Selection  of  cells  positive  for  a  murine  myeloid  marker,  CD1  lb,  confirmed  myeloid 
origin  of  GFP-labeled  adipocytes.  Furthermore,  adipocytes  originating  from  the 
myeloid  lineage  were  characterized  by  increased  expression  of  inflammatory  and 
chemotactic  genes.  These  cells  accumulated  preferentially  in  visceral  adipose  tis- 
sue, which  is  consistent  with  the  increased  inflammatory  state  of  this  depot,  com- 
pared to  subcutaneous  adipose  tissue  (Majka  et  al.  2010). 


2.1.2    Brown  Adipogenesis 

There  exist  two  distinct  kinds  of  adipose  tissue:  WAT,  specifically  designed  for 
energy  storage,  and  brown  adipose  tissue  (BAT),  which  derives  from  a  muscle-like 
precursors  and,  when  activated,  burns  energy  under  conditions  of  non-shivering 
thermogenesis.  Through  the  expression  of  uncoupling  protein  1  (UCP1)  BAT 
uncouples  oxidative  phosphorylation  from  the  synthesis  of  ATP,  resulting  in  the 
generation  of  heat  and  serves  to  protect  an  organism  from  hypothermia.  The  role  of 
BAT  in  human  physiology  has  gone  overlooked  in  the  past;  however,  since  the  dis- 
covery of  metabolically  active  BAT  in  adult  humans  (Nedergaard  et  al.  2007),  it 
resumed  a  place  in  the  spotlight.  Given  the  advent  of  the  obesity  pandemic  in  "west- 
ernized" countries,  much  attention  has  been  paid  to  understanding  the  signals 
involved  in  the  differentiation  of  such  "energy  burning"  brown  adipocytes. 

Although  conventional  brown  and  white  adipocytes  differ  considerably  in  func- 
tion and  morphology,  they  have  long  been  considered  to  share  a  common  progeni- 
tor. Both  adipose  tissues  originate  from  MSC;  however,  brown  adipocytes,  unlike 
white  adipocytes,  are  derived  from  the  myogenic  lineage,  characterized  by  Myf5 
(myogenic  regulatory  factor  expressed  exclusively  in  myogenic  precursors)  expres- 
sion (Fig.  2.1).  After  deletion  of  PR  domain  containing  16  (PRDM16),  the  tran- 
scriptional regulator  of  brown  adipocyte  determination,  in  brown  adipocyte 
precursors,  the  resulting  cells  exhibited  a  skeletal  muscle  phenotype,  as  opposed  to 
the  expected  white  adipocyte  phenotype  (Seale  et  al.  2008).  In  addition,  lineage 
tracing  experiments  in  mice  expressing  fluorescently  tagged  Myf5  revealed  that 
brown  adipocyte  progenitors  originate  from  the  myogenic  lineage,  and  thus  are 
more  closely  related  to  skeletal  muscle  than  to  WAT  (Seale  et  al.  2008). 
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Given  that  BAT  is  highly  vascularized,  it  is  not  surprising  that  similar  to  white 
adipocytes,  brown  adipocytes  might  also  be  derived  from  endothelial  cells  (Tran 
et  al.  2012);  however,  in  addition  to  expressing  VE-cadherin,  brown  preadipocytes 
must  be  Myf5-positive. 

Based  on  cellular  morphology,  human  brown  adipocyte  precursor  cells  were 
identified  to  be  in  close  association  with  vasculature  (Zingaretti  et  al.  2009),  which 
further  supports  the  data  obtained  from  animal  studies;  however,  characterization 
and  localization  of  brown  adipocyte  progenitors  in  the  human  body  still  need  to  be 
elucidated.  To  date,  human  adipose  tissue-derived  stem  cells  were  shown  to  differ- 
entiate to  brown  adipocytes  only  after  stimulation  of  PPARy  with  its  potent  activator 
rosiglitazone  (Pisani  et  al.  2011),  but  there  is  little  information  about  the  clinical 
relevance  of  these  observations. 


2.1.2.1    Inducible  Brown  Fat 

Following  stimulation  of  p3-adrenergic  receptors,  via  cold  exposure  or  pharmaco- 
logical treatment,  fat  cells  morphologically  resembling  brown  adipocytes  can  be 
recruited  in  WAT.  These  "de  novo"-recruited  brown  adipocytes  are  characterized  by 
high  mitochondrial  content,  brownish  color,  and  are  consistent  with  conventional 
brown  adipocytes  in  that  they  express  UCP1  and  contribute  to  energy  dissipation. 
Although  morphologically  similar,  brown  adipocytes  and  inducible  brown  adipo- 
cytes do  not  share  a  common  precursor  cell  (Seale  et  al.  2008).  Two  possibilities  for 
how  inducible  brown  adipocytes  could  be  recruited  in  WAT  have  been  proposed. 
The  first  is  referred  to  as  transdifferentiation  of  already  mature  white  adipocytes 
(Barbatelli  et  al.  2010)  and  the  second  involves  differentiation  from  existing  pro- 
genitor cells  (Fig.  2.1).  Recently  it  was  reported  that  progenitors  of  inducible  BAT 
express  specific  markers,  namely  CD  137  and  transmembrane  protein  26  (TMEM26), 
and  displayed  increased  UCP1  expression  compared  to  cells  negative  for  those 
markers  (Wu  et  al.  2012).  In  addition,  it  was  reported  that  the  gene  expression  pat- 
tern of  human  BAT  resembles  inducible  BAT,  more  than  conventional  BAT,  and 
these  findings  were  consistent  in  both  mature  adipocytes  and  progenitors  (Wu  et  al. 
2012).  Progenitors  of  inducible  BAT  were  identified  after  bromodeoxyuridine 
(BrdU)  was  injected  into  mice  treated  with  p3-adrenergic  receptor  agonist  and 
newly  differentiated  UCP1  -positive  cells  were  detected  in  white  fat.  These  results 
were  confirmed  by  lineage  tracing  studies  using  constitutive  and  inducible  reporter 
systems,  and  inducible  brown  adipocyte  progenitors  were  further  defined  as  Sca-1-, 
CD34-,  and  PDGFRoc-positive  (Lee  et  al.  2012),  in  contrast  to  white  progenitors, 
that  express  PDGFRp  and  endothelial  markers  (Tang  et  al.  2008).  Interestingly, 
PDGFRoc-positive  progenitors  developed  into  brown  adipocytes  under  p3-adrenergic 
stimulation,  whereas,  in  vivo,  under  conditions  of  high-fat  diet  feeding,  the  cells 
differentiated  into  white  adipocytes,  which  demonstrated  the  bidirectional  potential 
of  differentiation  depending  of  external  stimuli  (Lee  et  al.  2012). 
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2.1.3  Microenvironment 

Adipogenic  potential  of  progenitor  cells  does  depend  not  merely  on  surface  markers 
expressed  but  also  on  the  microenvironment  in  which  they  reside.  Many  studies 
have  demonstrated  that  adipose  tissue-derived  stem  cells  are  capable  of  differentia- 
tion into  various  tissues  depending  on  the  differentiation  signals  provided  (Halvorsen 
et  al.  2001;  Zuk  et  al.  2001).  For  example,  selected  progenitors  were  able  to  recon- 
stitute adipose  tissue  only  in  lipodystrophic  and  high-fat  diet-fed  mice,  but  not  in 
wild-type  chow-fed  mice  (Rodeheffer  et  al.  2008),  and  the  fate  of  bipotential  adipo- 
cyte progenitors  was  highly  dependent  on  external  nutritional  or  p3-adrenergic 
stimuli  (Lee  et  al.  2012)  which  further  supports  the  importance  of  the  microenviron- 
ment. It  is  also  probable  that  not  only  one  subpopulation  of  adipose  progenitors 
exists  and  contributes  to  the  renewal  and  hyperplastic  growth  of  adipose  tissue. 
More  likely,  adipose  progenitors  from  different  sources  could  contribute  to  a  pool  of 
stem  cells  in  a  depot- specific  manner  (Majka  et  al.  2010). 


2.2    Signaling  Pathways  in  Adipogenesis 

The  complete  list  of  signals  involved  in  the  commitment  phase  of  adipogenesis 
remains  to  be  described;  however,  several  factors  have  been  identified  that  can  either 
promote  or  inhibit  the  commitment  of  multipotent  MSC  to  the  pre-adipocyte  lin- 
eage, most  notably  bone  morphogenic  proteins  (BMP-2  and  BMP-4)  and  Wnt  sig- 
naling proteins.  Accumulated  evidence  suggests  that  external  growth  factors  and 
signaling  molecules  converge  on  the  promoters  of  lineage-specific  transcription  fac- 
tors. These  external  signals  tightly  regulate  the  transcriptional  program  to  promote 
one  cell  type,  while  inhibiting  another.  For  example,  PPARy  stimulates  adipogene- 
sis while  inhibiting  chondrogenesis  and  the  formation  of  cartilage,  whereas  inhibi- 
tion of  PPARy  can  promote  osteogenesis  and  inhibition  of  adipogenesis  (Isenmann 
et  al.  2009;  Xu  et  al.  2007)  (Fig.  2.2). 


2.2.1    Classical  Pro-adipogenic  Signals 

2.2.1.1    Bone  Morphogenic  Proteins 

Both  BMP-2  and  BMP-4  have  been  shown  to  play  a  role  in  the  commitment  of 
multipotent  MSC  to  the  adipocyte  lineage.  Exposure  of  the  dividing  MSC  cell  line 
C3H10T1/2  to  either  BMP-4  or  BMP-2  will  result  in  pre-adipocyte-like  cells  that 
can  be  differentiated  into  adipocytes  when  treated  with  differentiation  inducers  fol- 
lowing growth  arrest  (Bowers  and  Lane  2007;  Huang  et  al.  2009).  BMPs  signal 
through  two  cell  surface  receptors,  BMPrl  and  BMPr2,  both  with  serine/threonine 
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Fig.  2.2  Signaling  pathways  in  adipogenesis.  The  proposed  pathway  from  MSC  to  mature  adipo- 
cyte. Following  signals  from  the  Wnt  and  BMP  family  of  proteins,  the  MSC  enter  the  pre-adipocyte 
lineage  (Commitment).  Later,  differentiation  signals  promote  the  transition  from  pre-adipocyte  to 
mature  adipocyte  (Differentiation) 

kinase  activities.  Activation  of  these  receptors  leads  to  phosphorylation  of  BMPrl 
kinase  which  then  activates  Smad-1,  -5,  and  -8,  leading  to  the  formation  of  a  com- 
plex with  Smad-4  that  translocates  to  the  nucleus  where  it  regulates  gene  expres- 
sion. Expression  of  a  constitutively  active  BMP  receptor  (CA-BMPrlA  and 
CA-BMPrlB)  induced  commitment  to  the  pre-adipocyte  lineage  in  the  absence  of 
BMP-2  and  BMP-4  (Huang  et  al.  2009).  BMP  signaling  alters  the  expression  of 
three  cytoskeleton  proteins,  Lox,  Tptl,  and  aB-crystallin,  that  play  important  roles 
in  adipocyte  lineage  commitment  (Huang  et  al.  2011).  Commitment  to  the  adipo- 
cyte lineage  can  be  eradicated  by  the  knockdown  of  Loxl;  however,  it  is  only  par- 
tially lost  following  the  knockdown  of  Tptl  and  aB-crystallin.  Given  that 
pre-adipocytes  differ  dramatically  in  their  morphology  from  MSC,  BMPs  may  pro- 
mote commitment  to  pre-adipocytes  through  the  regulation  of  the  cytoskeleton  and 
consequent  effects  on  cellular  morphology. 

2.2.1.2    Wnt  Signaling 

The  Wnt  family  of  signaling  proteins  exerts  its  effects  through  the  frizzled  receptor 
and  the  low-density  lipoprotein-related  protein  5/6  co-receptor,  and  can  signal 
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through  both  a  "canonical"  (Reya  and  Clevers  2005)  and  a  "noncanonical"  pathway 
(Christodoulides  et  al.  2009).  Wnts  play  a  role  in  both  the  lineage  commitment  and 
differentiation  phase  of  adipogenesis,  although  with  opposing  effects  (Kang  et  al. 
2007;  Ross  et  al.  2000).  The  canonical  signaling  pathway  functions  early  during 
lineage  commitment  and  involves  the  binding  of  Wnt  to  its  receptors  which  pro- 
motes the  dissociation  of  the  "destruction  complex,"  comprising  adenomatous  pol- 
yposis coli,  axin,  and  glycogen  synthase  kinase  (GSK)-3p,  thereby  permitting  the 
accumulation  of  p-catenin,  that  was  previously  embedded  in  the  complex  (Reya  and 
Clevers  2005).  In  the  nucleus,  P-catenin  targets  transcription  factors  that  are  differ- 
entially expressed  in  MSC  (C3H10T1/2)  vs.  pre-adipocytes  (A3 3,  derived  from 
C3H10T1/2),  such  as  R-spondins-2  and  -3  (Bowers  and  Lane  2007),  which  are  dra- 
matically upregulated  in  proliferating  A3  3  cells  and  are  known  to  activate  canonical 
Wnt  signaling,  thus  implicating  Wnt  signaling  in  the  commitment  phase  of  MSC  to 
the  adipocyte  lineage.  Later  in  the  adipogenic  program,  Wnt  inhibits  adipocyte  dif- 
ferentiation by  inhibiting  the  expression  of  important  adipogenic  transcription  fac- 
tors, PPARy  and  CCAAT/enhancer  binding  protein  (C/EBP)oc,  and  by  doing  so, 
maintains  a  balance  among  the  myogenic,  osteoblastogenic,  and  adipogenic  cell 
fates  (Ross  et  al.  2000;  Tang  and  Lane  2012)  Fig.  2.2. 


2.2.2    Differentiation  of  Adipocytes  from  Pre-adipocytes 

Cells  isolated  from  the  SVF  of  adipose  tissue  depots  can  be  differentiated  in  culture 
when  stimulated  by  specified  contents  of  a  "differentiation  cocktail."  In  culture,  pre- 
adipocytes  will  undergo  multiple  rounds  of  mitosis  until  they  reach  growth  arrest, 
the  Gl  phase  of  the  cell  cycle.  At  this  point,  differentiation  can  be  induced.  Induction 
initiates  a  series  of  events  that  requires  pre-adipocytes  to  reenter  the  cell  cycle, 
undergo  mitotic  clonal  expansion  until  they  eventually  exit  the  cell  cycle,  change 
their  morphology,  accumulate  cytoplasmic  triglycerides,  and  acquire  the  metabolic 
features  and  capabilities  of  mature  adipocytes.  The  differentiation  induction  cock- 
tail is  composed  of  dexamethasone  (a  glucocorticoid),  insulin,  3-isobutyl-l- 
methylxanthine  (IB MX),  and  fetal  bovine  serum  (FBS).  The  order  in  which  the  cells 
are  exposed  to  these  stimuli  is  crucial  for  the  differentiation  process  as  it  was  previ- 
ously shown  that  dexamethasone  can  be  added  to  the  differentiation  cocktail  prior 
to  IB  MX,  but  the  reverse  will  impede  the  differentiation  of  pre-adipocytes  to  mature 
adipocytes  (Pantoja  et  al.  2008).  Dexamethasone  treatment  is  important  in  the  initial 
phases  of  the  induction  of  differentiation  as  it  activates  the  transcription  factor 
C/EBPp.  IBMX  is  a  phosphodiesterase  inhibitor  that  raises  cyclic  AMP  (cAMP) 
levels  in  the  cell,  leading  to  the  activation  of  the  related  transcription  factor  C/EBP5. 
C/EBPp  and  5  in  turn  induce  transcription  of  C/EBPa  and  PPARy  (Rosen  and 
MacDougald  2006;  Rosen  et  al.  2000). 
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2.2.3    Transcriptional  Mediators  of  Adipogenesis 

2.2.3.1  C/EBPs 

C/EBP  family  members  are  vital  for  the  differentiation  of  adipocytes  whereby 
early  induction  of  C/EBPp  and  C/EBP5  leads  to  the  induction  of  C/EBPoc  and 
PPARy.  Almost  immediately  after  the  induction  of  differentiation,  cAMP  response 
element-binding  protein  (CREB)  becomes  phosphorylated  and  activates  the 
expression  of  C/EBPp  (Zhang  et  al.  2004).  Approximately  14-16  h  after  induction, 
C/EBPp  acquires  DNA-binding  capabilities  as  the  pre-adipocytes  reenter  the  cell 
cycle.  C/EBPp  likely  plays  a  role  in  mitotic  clonal  expansion,  which  is  required  for 
differentiation.  The  function  of  C/EBPp  and  C/EBP5  may  be  redundant  as  knock- 
out of  C/EBPp  in  mice  had  little  effect  on  adipose  tissue  accumulation,  whereas 
the  double  C/EBPp-/-C/EBP5-/-  knockout  showed  markedly  reduced  adipose 
tissue  mass,  mostly  due  to  decreased  cell  number  (Tanaka  et  al.  1997).  Early  in  the 
differentiation  process,  C/EBPp  is  phosphorylated  twice,  by  mitogen-activated 
protein  kinase  (MAPK)  and  GSK3P  (Tang  et  al.  2005),  which  induces  a  conforma- 
tional change  resulting  in  the  dimerization  of  two  monomers  of  C/EBPp  and  cre- 
ates a  DNA-binding  pocket.  Once  C/EBPp  is  capable  of  binding  DNA,  14-16  h 
post-differentiation  induction,  it  leads  to  the  upregulation  of  C/EBPa  and  PPARy 
which  act  together  as  pleiotropic  transcriptional  activators  of  the  large  group  of 
genes  that  produce  the  adipocyte  phenotype  (Rosen  and  MacDougald  2006;  Tang 
and  Lane  2012). 

2.2.3.2  PPARy 

PPARy  is  the  master  regulator  of  adipogenesis,  as  it  is  both  sufficient  and  neces- 
sary for  adipogenesis  (Rosen  and  MacDougald  2006;  Rosen  et  al.  2000).  It  exists 
as  three  isoforms  (PPARy  1,  PPARy2,  and  PPARy3)  that  are  differentially  spliced 
from  the  same  transcribed  gene  (Fajas  et  al.  1998;  Zhu  et  al.  1995).  In  order  to 
exert  effects  on  peroxisome  proliferator  response  elements,  PPARs  must  form  het- 
erodimers  with  the  retinoid  X  receptor  (RXR).  In  primary  adipocytes,  PPARy2  is 
the  predominant  isoform  and  is  more  efficient  at  promoting  adipogenesis  than  the 
other  isoforms  (Rosen  and  MacDougald  2006).  Efforts  to  describe  endogenous 
PPARy  ligands  have  been  largely  unsuccessful;  however,  studies  have  found  that 
the  transcription  factors  sterol  response  element-binding  protein- lc  (SREBP-lc) 
and  C/EBPp  can  increase  PPARy  ligand  production  although  these  findings  did 
not  lead  to  the  identification  of  a  PPARy  agonist  (Hamm  et  al.  2001;  Kim  et  al. 
1998).  Once  expressed  PPARy  and  C/EBPa  positively  feedback  on  each  other 
through  their  respective  C/EBP  regulatory  elements;  this  action  is  presumed  to 
perpetuate  the  adipocyte  phenotype  in  mature  adipocytes.  In  addition  to  its  role  in 
differentiation,  PPARy  is  crucial  for  the  maintenance  of  mature  adipocytes. 
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For  example,  expression  of  dominant  negative  PPARy  in  differentiated  3T3-L1 
adipocytes  led  to  dedifferentiation  and  loss  of  lipid  accumulation  (Tamori  et  al.  2002). 


2.2.4   Differentiation  of  Progenitor  Cells  into  Brown 
Adipocytes 

Brown  pre-adipocyte  recruitment  is  controlled  by  the  TGF-P  family  of  secreted  pro- 
teins, such  as  BMP-7  (Tseng  et  al.  2008),  while  Wnt  signaling  represses  the  differ- 
entiation of  brown  pre-adipocytes  into  brown  adipocytes.  These  inducible  brown 
cells  can  arise  from  multipotent  progenitors,  or  perhaps  even  from  transdifferentia- 
tion  of  existing  white  adipocytes,  in  WAT  depots  when  exposed  to  certain  stimuli 
(Petrovic  et  al.  2010;  Seale  et  al.  2008,  2011).  The  presence  of  inducible  brown 
adipocytes  can  lead  to  weight  loss,  improved  insulin  sensitivity,  and  resistance  to 
high-fat  feeding  in  animal  models  (Vegiopoulos  et  al.  2010). 

While  the  transcription  factors  encoded  by  C/EBP  and  PRDM16  have  been 
shown  to  function  as  key  regulators  of  BAT  differentiation,  defining  the  signaling 
pathways  involved  in  the  de  novo  recruitment  of  BAT  remains  an  active  area  of 
research. 

2.2.4.1  P-adrenergic  Signaling 

The  sympathetic  nervous  system  is  the  major  regulator  of  BAT  activity  through 
P-adrenergic  signaling  (Rehnmark  et  al.  1990).  In  existing  BAT  depots, 
pi -adrenergic  signaling  promotes  proliferation  of  BAT  pre-adipocytes  whereas  in 
animal  models  P3 -adrenergic  receptor  activation  can  promote  the  recruitment  of 
inducible  brown  adipocytes  in  WAT  depots  (Bronnikov  et  al.  1999).  In  humans, 
P3 -receptor  agonists  have  not  been  successful  in  reducing  adiposity,  which  could 
result  from  fewer  p3 -receptors  or  lack  of  inducible  brown  fat  (Cannon  and 
Nedergaard  2004).  p3 -receptor  agonists  lead  to  an  increase  in  intracellular  cAMP 
which  activates  the  lipolytic  pathway  whereby  triglycerides  are  hydrolyzed  to  free 
fatty  acids  (FA)  and  glycerol.  The  activation  of  this  pathway  is  critical  for  BAT 
activity  as  it  was  recently  shown  that  loss  of  desnutrin/ATGL,  the  first  hydrolase  in 
the  triglyceride  hydrolysis  pathway,  results  in  the  conversion  of  BAT  to  a  WAT-like 
tissue  (Ahmadian  et  al.  2011). 

2.2.4.2  COX-2 

Cyclooxygenase-2  (COX-2)  is  a  rate  limiting  enzyme  in  the  synthesis  of  prostaglan- 
dins, and  is  downstream  of  the  P-adrenergic  signaling  pathway.  In  Vegiopoulos 
et  al.  (2010),  it  was  first  reported  that  COX-2  overexpression  and  the  synthesis  of 
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prostaglandins  can  shift  the  differentiation  of  adipocyte  progenitors,  isolated  from 
the  epididymal  depot,  towards  a  brown  adipocyte  phenotype  in  vitro.  In  vivo, 
COX-2  overexpressing  mice  and  mice  injected  with  a  p3-adrenergic  receptor  ago- 
nist displayed  de  novo  recruitment  of  brown  adipocytes  in  the  epididymal  WAT.  The 
appearance  of  inducible  BAT  was  associated  with  increased  energy  expenditure  and 
resistance  to  high-fat  diet-induced  weight  gain. 

In  addition  to  the  signals  described  above,  recent  advances  in  the  field  of  brown 
adipocyte  biology  have  suggested  other  factors  can  recruit  inducible  brown  adipo- 
cytes. For  example,  Bostrom  et  al.  (2012)  recently  reported  that  mice  overexpress- 
ing PPARy  co-activator- la  (PGC-la)  in  skeletal  muscle  have  increased  expression 
of  fibronectin  type  III  domain  containing  5  (FNDC5),  a  membrane  protein  that  is 
cleaved  intracellularly  and  secreted  as  the  peptide  hormone  irisin.  This  study 
reported  that  irisin  acted  on  mature  white  adipocytes  to  increase  expression  of 
UCP1  and  a  broad  program  of  brown  adipocyte  gene  expression  patterns.  In  vitro, 
it  has  been  reported  that  treatment  of  murine  white  pre-adipocytes,  isolated  from  the 
epididymal  depot,  with  high  concentrations  of  the  PPARy  activator  rosiglitazone 
promoted  mitochondriogenesis,  expression  of  PGC-la  and  UCP1,  an  effect  that 
could  be  augmented  still  following  treatment  with  norepinephrine  (Petrovic  et  al. 
2010).  These  cells  maintained  genuine  thermogenic  capacity;  however,  they  did  not 
express  the  transcription  factors  known  to  be  associated  with  classic  brown  adipo- 
cytes, such  PRDM16,  LIM  homeobox  protein  8  (Lhx8),  and  mesenchyme  homeo- 
box  2  (Meox2)  (Walden  et  al.  2012).  Therefore,  these  cells  may  represent  an 
additional  subset  of  adipocytes  that  maintain  the  transcriptional  signature  of  white 
adipocytes  while  possessing  the  potential  to  express  UCP1  and  the  brown  adipocyte 
phenotype.  The  presence  of  inducible  brown  adipocytes  in  human  adipose  tissue, 
the  signals  required  to  recruit  these  cells  in  vivo,  and  their  potential  to  curb  diet- 
induced  obesity  remain  under  investigation. 


2.3    Clinical  Aspects 

2.3.1    Adipose  Tissue  as  a  Source  for  MSC 

Adipose  tissue  has  a  remarkable  ability  to  undergo  considerable  changes  in  volume 
during  the  lifespan  of  an  individual.  Although  relatively  small  increases  in  volume 
can  be  accommodated  by  adipocyte  hypertrophy,  larger  changes  are  mediated  by 
the  generation  of  new  adipocytes,  e.g.,  hyperplasia.  In  fact,  adipocyte  hyperplasia 
has  been  found  to  rely  on  distinct  populations  of  stem  and  progenitor  cells  residing 
within  the  so-called  SVF  of  adipose  tissue  (see  above). 

As  stated  above,  in  vitro  differentiation  of  adipocyte  progenitors  into  mature 
adipocytes  can  be  achieved  by  a  hormonal  cocktail,  including  insulin,  glucocorti- 
coid, and  cAMP  elevating  agents  that  ultimately  converge  in  the  activation  of 
nuclear  receptor  PPARy.  Interestingly,  in  contrast  to  murine  adipocyte  progenitors, 
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differentiation  of  human  pre-adipocytes  requires  the  presence  of  a  PPARy  agonist, 
highlighting  intrinsic  differences  between  murine  and  human  progenitor  popula- 
tions which  might  become  relevant  considering  therapeutic  use  of  these  cells  (Jia 
et  al.  2012). 

In  contrast  to  bone  marrow-derived  MSC,  adipose  tissue-derived  stem/progeni- 
tor cells  (ADSC)  can  be  obtained  in  relatively  large  quantities  with  minimal  risk  and 
pain.  In  addition,  studies  have  documented  that  the  frequency  of  ADSC  is  in  the 
order  of  500-fold  more  than  that  found  in  bone  marrow  (Rodriguez  et  al.  2005). 

Despite  the  differences  in  frequency  and  yield  of  ADSC  and  MSC,  their  biologi- 
cal properties  are  similar  (Fraser  et  al.  2006).  To  this  end,  both  cell  populations 
express  distinct  cell  surface  markers,  including  CD105,  SH3,  Stro-1,  CD90,  CD44, 
and  potentially  CD34,  but  they  do  not  express  the  hematopoietic  marker  CD45  nor 
the  endothelial  marker  CD31  (Sengenes  et  al.  2005). 


2.3.2    Application  of  MSC  in  Regenerative  Medicine 

Regenerative  medicine  can  be  defined  as  the  process  of  generating  living  and  func- 
tionally active  tissue  to  repair  or  replace  tissue  or  organ  function  lost  due  to  disease, 
damage,  congenital  defects,  or  age.  Indeed,  regenerative  medicine  has  been  success- 
fully used  already  for  a  number  of  decades  to  reconstitute  the  hematopoietic  system 
of  patients  who  have  undergone  chemotherapy  or  are  suffering  from  genetic  defects 
of  the  hematopoietic  system  through  bone  marrow  transplantation  protocols  (Park 
et  al.  2008). 

Up  to  date,  tissue  repair  and/or  replacement  has  been  achieved  by  two  principle 
technological  approaches: 

(a)  Replacement  of  tissue  function  with  synthetic  constructs  (artificial  organs),  e.g., 
by  seeding  cells  into  a  de-cellularized  natural  extracellular  matrix  or  a  polymer, 
metal,  or  ceramic  scaffold  (Hubbell  2004). 

(b)  Cellular  therapies  using  stem  cells  or  genetically  modified  cells  to  generate  new 
tissues  or  organs  by  transplanting  cell  suspensions  or  aggregates  into  the 
affected  locus  (Daley  and  Scadden  2008). 

Therapeutically,  ADSC  have  thus  far  been  employed  for  muscle  cell-based  thera- 
pies and  adipose  tissue  reconstruction  in  mouse  models  (Rodriguez  et  al.  2005),  the 
treatment  of  fistulas  in  human  patients  suffering  from  Crohn's  disease  (Garcia- 
Olmo  et  al.  2005),  and  are  discussed  as  a  source  for  autologous  adult  stem  cells  in 
the  correction  of  soft  tissue  defects  after  trauma,  tumor  resection,  or  deep  burns 
(Schaffler  and  Buchler  2007). 

In  contrast,  no  routine  use  has  been  made  of  ADSC  for  the  regeneration  of  meta- 
bolic tissues  in  order  to  restore  impaired  local  and  systemic  energy  homeostasis  and 
to  counteract  associated  disorders,  thereby  establishing  a  novel  "regenerative"  arm 
in  the  therapy  against  metabolic  dysfunction  (Fig.  2.3). 
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Fig.  2.3  Classical  vs.  nonclassical  regenerative  medicine.  Adipocyte  stem  cells  offer  the  future 
possibility  to  control  energy  homeostasis  through  either  the  pharmacological  activation/recruit- 
ment of  brown  adipose  tissue  (BAT)  in  vivo  or  through  the  ex  vivo  generation  of  BAT  via  gene 
transfer  of  critical  transcriptional  regulators  into  progenitor  cells 


2.3.3    Adipose-Derived  Stem  Cells  in  Metabolic  Control 
and  Obesity-Related  Disorders 

2.3.3.1    The  "Diabesity"  Pandemic 

The  EU  population  is  close  to  500  million.  More  than  half  of  the  adult  population 
are  either  overweight  or  obese  while,  among  diabetic  patients,  -90  %  suffering  from 
type  2  diabetes  are  obese. 

Globally,  the  increase  in  the  prevalence  of  overweight/obese  people  has  reached 
a  qualified  epidemic  stage  with  more  than  one  billion  overweight  and  at  least  400 
million  clinically  obese.  Type  2  diabetes  mellitus  and  the  associated  beta-cell  failure 
is  up  to  90  %  attributable  to  weight  gain  and  has  increased  in  parallel  with  the  pan- 
demic of  obesity.  Approximately  197  million  people  worldwide  have  impaired  glu- 
cose tolerance,  most  commonly  because  of  obesity  and  the  associated  Metabolic 
Syndrome,  and  this  number  is  expected  to  increase  to  420  million  by  2025.  This  will 
lead  to  tremendous  costs  for  health  care  systems,  primarily  because  of  the  precipita- 
tion into  end-stage  type  2  diabetes  and  associated  cardiovascular  complications 
(Kopelman  2000). 

In  Western  and  emerging  countries,  metabolic  and  vascular  diseases  are  the  lead- 
ing cause  of  disability  and  death  with  a  major  impact  on  health  care  costs.  Metabolic 
overload  is  a  paramount  problem  for  people  in  industrial  countries  in  which  the 
caloric  intake  exceeds  the  dietary  needs,  due  to  associated  risks  of  secondary 
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disorders  including  obesity,  diabetes,  atherosclerosis,  and  hypertension  (Dorrensteijn 
et  al.  2012;  Leroith  et  al.  2012).  The  WHO  projects  that  by  2015,  approximately  2.3 
billion  adults  will  be  overweight  and  more  than  700  million  will  be  obese.  Although 
the  numbers  of  overweight  and  obese  patients  steadily  increase  worldwide,  Europe 
as  an  example  has  one  of  the  highest  average  body  mass  indices  (BMI)  of  all  WHO 
regions,  totaling  to  almost  250  million  overweight  adults  and  70-80  million  severely 
obese  patients  in  the  European  Community  (Amos  et  al.  1997;  Finucane  et  al.  201 1). 

Basic  risk  factors  for  obesity  comprise  excessive  caloric  intake,  a  sedentary  life- 
style, as  well  as  genetic  predisposition,  all  of  which  precipitate  in  aberrant  systemic 
energy/fat  storage  in  the  form  of  WAT  (Saltiel  2001).  In  this  setting,  normal  WAT 
function  is  severely  damaged  as  it  is  compromised  by  tissue  inflammation  and  aber- 
rant metabolic  properties.  Excessive  WAT  depots  can  subsequently  be  made  directly 
responsible  for  the  manifestation  of  systemic  and  tissue-specific  insulin  resistance, 
hypertension,  dyslipidemia,  and  hyperglycemia  as  hallmarks  of  the  so-called 
Metabolic  Syndrome,  eventually  culminating  into  end-stage  diseases  such  as  type  2 
diabetes,  atherosclerosis,  cardiovascular  failure,  and  even  cancer  (Calle  and  Kaaks 
2004;  Cohen  and  Leroith  2012). 


2.3.4    Clinical  Bottlenecks  and  Limitations 

In  the  last  2  decades,  the  major  scientific  and  financial  contributions  have  focused 
on  studies  of  genetic  factors  in  response  to  an  "obesogenic"  environment,  concen- 
trating on  counteracting  excessive  energy  intake  to  tackle  "diabesity." 

This  approach  now  appears  rather  disappointing  in  terms  of  Public  Health  and, 
until  now,  effective  treatment  strategies  against  obesity-related  type  2  diabetes  and 
the  associated  beta-cell  failure  induced  by  obesity  are  still  missing. 

This  holds  true  for  lifestyle  intervention  programs  as  well  as  for  pharmacological 
therapies. 

In  lifestyle  intervention  programs,  there  is  often  an  impressive  short-term  suc- 
cess in  weight  reduction,  but  this  success  is  often  blunted  by  weight  regain  after  the 
program's  end,  which  is  in  the  most  cases  due  to  an  insufficient  patient  compliance 
(Bray  and  Wilson  2008;  Galani  and  Schneider  2007). 

In  particular,  existing  pharmacotherapy  for  the  management  of  obesity,  which  is 
primarily  aimed  at  weight  loss,  weight  loss  maintenance,  and  risk  reduction,  has 
only  a  modest  efficacy  reflected  by  a  weight  loss  of  5-10  %  of  the  initial  body 
weight,  followed  by  a  weight  loss  plateau  under  further  therapy  (Ioannides-Demos 
et  al.  2005).  Therefore,  in  the  past  years  thyroid  hormone,  amphetamines,  phenter- 
mine,  amfepramone,  phenylpropanolamine,  bupropion,  naltrexone,  and,  more 
recently,  sibutramine,  orlistat,  and  rimonabant  have  been  evaluated  for  obesity  treat- 
ment regimes  (Green way  et  al.  2008).  In  addition  to  the  missing  impact  on  weight 
reduction,  existing  obesity  therapies  are  often  limited  by  safety  concerns  which 
have  certainly  increased  after  the  recent  market  withdrawal  of  rimonabant  in 
November  2008  (Soyka  2008). 
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Consequently,  to  date  only  a  few  antiobesity  drugs  have  entered  into  clinical 
practice  and  are  used  at  limited  success  rate.  Clearly,  pharmacological  strategies 
have  proven  to  be  remarkably  ineffective  against  the  increasing  problem  of  obesity. 
Besides  the  need  for  weight  reduction,  in  recent  years  there  is  an  increasing  aware- 
ness for  obesity-related  diseases  like  dyslipidemia,  high  triglyceride-low  HDL- 
syndromes,  nonalcoholic  fatty  liver  disease,  and/or  insulin  resistance.  However, 
similar  to  the  therapeutic  alternatives  for  weight  reduction,  treatments  for  those  con- 
ditions are  also  underdeveloped  and  need  urgent  improvement. 


2.3.5   BAT  Recruitment  and  Activation  as  Novel 
Metabolocentric  Therapy 

From  the  perspective  of  regenerative  medicine,  the  described  studies  and  acquired 
knowledge  on  adipocyte  progenitors,  signaling  pathways  affecting  their  cellular  and 
functional  fate,  and  distinct  properties  of  white  vs.  brown  adipocytes  open  the 
intriguing  possibility  that  even  the  regeneration  and  activation  of  small  amounts  of 
BAT  in  adult  humans/patients  would  have  a  significant  impact  on  systemic  energy 
expenditure,  thereby  representing  an  unprecedented  approach  to  the  regulation  of 
body  weight  and  associated  disorders,  while  simultaneously  counteracting  WAT  tis- 
sue injury  as  imposed  by  energy  overload  and  tissue-specific  inflammation  of  WAT 
stores  in  the  obese  state. 

Indeed,  in  humans,  it  is  estimated  that  even  as  little  as  50  g  of  stimulated  and 
active  BAT  could  account  for  a  20  %  daily  increase  in  energy  expenditure  (Rothwell 
and  Stock  1983),  and  that  up  to  24  %  of  the  increase  in  metabolism  in  lean  men 
produced  by  ephedrine  can  be  attributed  to  BAT  activation  (Astrup  et  al.  1985). 
Concomitant  to  the  increase  in  energy  expenditure,  regeneration  and/or  activation  of 
BAT  can  be  envisaged  to  also  beneficially  influence  other  clinical  parameters  as 
associated  with  obesity,  type  2  diabetes,  and  the  Metabolic  Syndrome. 

While  brown/BRITE  adipocytes  do  not  seem  to  display  increased  cellular  insulin 
sensitivity  per  se  (Mossenbock,  K.,  Herzig,  S.  (2012).  unpublished  observation), 
both  basal  and  insulin-stimulated  glucose  uptake  are  substantially  elevated  as  com- 
pared with  white  adipocytes.  Thus  any  WAT  to  BAT  transformation  or  BAT  recruit- 
ment will  increase  the  systemic  glucose  clearance  and  potentially  also  improve 
glucose  tolerance  and  insulin  sensitivity.  Indeed,  a  number  of  clinical  studies  have 
validated  substantial  cold-induced  glucose  uptake  in  human  subjects  as  measured 
by  PET  studies  using  18-fluordeoxyglucose.  Depending  on  the  experimental  set- 
ting, cold- stimulated  glucose  clearance  through  BAT  was  enhanced  between  4-  and 
15-fold,  negatively  correlating  with  BMI  (Virtanen  et  al.  2009;  van  Marken 
Lichtenbelt  et  al.  2009). 

Furthermore,  insulin  resistance  is  correlated  to  WAT  inflammation,  and  studies 
on  the  differential  metabolic  impact  of  distinct  WAT  depots  and  their  capacities  to 
recruit  BAT  suggest  that  WAT  to  BAT  transformation  could  reduce  inflammation 
and  improve  insulin  resistance  (Frontini  and  Cinti  2010).  In  addition,  prolonged 
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treatment  of  a  patient  with  levothyroxine  (suppressive  treatment  for  thyroid  cancer) 
resulted  in  dramatic  improvement  in  insulin  sensitivity,  paralleled  by  enhanced  BAT 
volume  and  activity — in  spite  of  extreme  insulin  resistance  due  to  a  mutation  in  the 
insulin  receptor  gene.  Consequently,  BAT  activation  could  potentially  mediate  non- 
insulin-dependent  glucose  disposal  (Skarulis  et  al.  2010).  Indeed,  the  thyroid  hor- 
mone receptor  (TR)  beta  was  found  to  be  required  for  UCP1 -dependent  adaptive 
thermogenesis  in  mice  (Ribeiro  et  al.  2010),  potentially  mediated  largely  via  central 
rather  than  peripheral  TR  effects  (Lopez  et  al.  2010). 

In  addition,  fibroblast  growth  factor  (FGF)  21  is  produced  by  BAT  and  has  been 
shown  to  promote  beneficial  effects  on  glucose  metabolism  (Hondares  et  al.  2010). 

Finally,  BAT  activity  controls  triglyceride  and/or  FA  clearance,  thereby  counter- 
acting hypertriglyceridemia.  In  pathophysiological  settings  (mice  fed  a  high-fat 
diet),  cold  exposure  corrected  hyperlipidemia  and  improved  deleterious  effects  of 
insulin  resistance,  which  could  be  attributed  to  enhanced  BAT  activation  (Bartelt 
et  al.  2011).  In  addition,  tracer  studies  in  humans  also  underlined  the  potential  of 
BAT  to  efficiently  take  up  FA  and  use  these  substrates  in  oxidative  metabolism 
(Orava  et  al.  2011;  Ouellet  et  al.  2012). 


2.3.6    Therapeutic  Outlook  and  Challenge 

While  the  described  studies  have  on  the  one  side  demonstrated  the  existence  and 
feasibility  of  human  adipocyte  progenitors  and  on  the  other  side  provided  clinical 
evidence  for  the  functionality  and  metabolo-regulatory  impact  of  human  BAT, 
actual  therapeutic  use  of  this  resource  is  currently  still  in  its  infancies.  Indeed,  clini- 
cal studies  using  p-adrenergic  stimuli  to  activate  BAT  thermogenesis  and  counteract 
obesity  showed  limited  efficacy  and  had  to  be  abandoned  due  to  cardiovascular 
complications  as  associated  with  enhanced  beta  sympathetic  tone  (Arch  2002). 
Along  these  lines,  insulin  sensitizers  of  the  PPARy  ligand  family  that  show  a  brown- 
ing effect,  at  least  in  rodents,  are  concerned  with  substantial  side  effects  in  humans, 
including  weight  gain  and  cardiovascular  events,  eventually  leading  to  the  with- 
drawal of  rosiglitazone  from  the  market  in  2010  (Nissen  and  Wolski  2010). 

Despite  these  current  obstacles,  the  increasing  understanding  of  human  BAT 
biology  provides  novel  clues  for  innovative  antiobesity  therapeutic  avenues  in  this 
direction. 

While  current  therapeutic  attempts  had  been  centered  on  the  increase  of  BAT 
content  in  obese  subjects,  the  finding  that  virtually  all  younger  humans  possess 
relevant  amounts  of  functionally  intact  BAT  suggests  that  new  approaches  should 
focus  on  the  maintenance  of  this  cell  pool  and  try  to  prevent  the  involution  and 
inactivation  of  BAT  during  aging,  particularly  considering  the  proven  sex  differ- 
ences in  BAT  activity  in  humans  (Pfannenberg  et  al.  2010).  To  this  end,  the  descrip- 
tion of  adipocyte  white/BRITE  progenitor  isolation  protocols  for  defined  (Lin-/ 
CD29+/CD34+/Sca-1+/CD24+)  cell  populations  in  mice  (Vegiopoulos  et  al.  2010) 
may  provide  a  promising  starting  point  for  clinical-therapeutic  research  in  humans 
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in  this  direction,  which  may  lead  to  the  identification  of  cellular  pools  that  could 
generate/maintain  proliferatively  competent  brown/BRITE  adipocytes  in  humans 
during  the  aging  process,  thereby  maintaining  "young"  levels  of  energy  expenditure 
and  obesity  resistance  throughout  the  lifetime  of  an  individual. 

Further  clinical  research  in  this  direction  is  clearly  validated  in  the  future. 
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Chapter  3 

Stromal  Vascular  Cells 

Sahohime  Matsumoto  and  Ichiro  Manabe 


Abstract  In  addition  to  being  an  energy  reservoir,  adipose  tissue  is  now  regarded 
as  an  active  endocrine  organ  that  is  crucial  to  the  maintenance  of  systemic  energy 
homeostasis.  However,  obese  adipose  tissue,  particularly  visceral  adipose  tissue,  is 
thought  to  be  a  key  contributor  to  the  development  of  insulin  resistance  and  the 
clinical  consequences  of  metabolic  syndrome,  including  cardiovascular  disease.  In 
addition  to  the  adipocytes  themselves,  adipose  tissue  also  contains  vascular  cells 
and  a  variety  of  other  cells  within  the  stroma,  as  well  as  extracellular  matrix  (ECM), 
which  provides  mechanical  support  for  the  tissue.  These  stromal  cells  and  ECM 
play  important  roles  in  the  dynamic  processes  involved  in  adipose  tissue  develop- 
ment, expansion,  and  inflammation. 

Keywords  Inflammation  •  Adipose  tissue  remodeling  •  Immune  cells  •  Macrophages 
•  Endothelial  cell  dysfunction  •  ECM  •  Adipogenesis  •  Hypoxia 


3.1  Introduction 


It  is  well  established  that  obesity,  particularly  visceral  obesity,  is  crucially  involved 
in  increasing  the  clinical  risk  of  metabolic  and  cardiovascular  diseases.  For  that 
reason,  visceral  adipose  tissue  is  thought  to  play  a  prominent  role  in  the  develop- 
ment of  metabolic  syndrome  and  its  clinical  consequences.  Adipose  tissue  has  long 
been  viewed  as  a  passive  energy  reservoir.  But  with  the  discovery  of  leptin  and 
subsequent  identification  of  other  adipose  tissue-derived  humoral  mediators  (e.g., 
adiponectin  and  resistin),  collectively  referred  to  as  adipokines  (de  Heredia  et  al. 
2012),  it  has  become  clear  that  adipose  tissue  is  also  an  active  endocrine  organ. 
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By  storing  and  releasing  of  lipids  and  secreting  adipokines,  healthy  adipose  tissue 
maintains  the  metabolic  homeostasis  in  the  body.  On  the  other  hand,  obese  visceral 
adipose  tissue  contributes  to  the  development  of  systemic  metabolic  dysfunction 
and  its  complications,  such  as  cardiovascular  disease.  This  is  in  part  because  obesity 
alters  the  expression  of  adipokines  (Hotamisligil  et  al.  1993;  Steppan  et  al.  2001; 
Weisberg  et  al.  2006).  In  addition,  obesity  induces  inflammation  within  adipose  tis- 
sue, which  not  only  modifies  the  functionality  of  adipose  tissue  but  also  affects  its 
sensitivity  to  insulin  and  alters  inflammatory  processes  in  distant  tissues  (Hotamisligil 
2006;  Lumeng  and  Saltiel  2011). 

Adipose  tissue  consists  of  adipocytes  and  a  variety  of  cells  residing  in  the  stroma. 
To  understand  the  physiological  and  pathological  functions  of  adipose  tissue,  one 
must  address  adipose  tissue  not  merely  as  a  mass  of  adipocytes  but  as  a  complex 
organ,  within  which  stromal  vascular  cells  are  continuously  communicating  with 
one  another.  For  instance,  to  function  as  a  lipid  reservoir,  blood  vessels  must  be  able 
to  collect  lipids  from  adipocytes  and  then  release  them  into  the  circulation. 
Consistent  with  that  scenario,  it  has  been  shown  that  adipocytes  and  vascular  cells 
interact  with  one  another  during  the  development  of  adipose  tissue  (Hausman  and 
Richardson  2004). 

Expansion  of  adipose  tissue  in  obesity  is  also  a  dynamic  process  involving  com- 
plex interplay  between  adipocytes  and  stromal  cells.  For  instance,  angiogenesis  is 
essential  for  the  generation  of  new  adipocytes  (adipogenesis)  during  obesity  (Cao 
2007;  Nishimura  et  al.  2007;  Hagberg  et  al.  2010;  Tran  et  al.  2012).  Consequently, 
inhibiting  angiogenesis  suppresses  adipose  tissue  expansion  (Rupnick  et  al.  2002; 
Brakenhielm  et  al.  2004).  In  addition  to  vascular  cells,  cells  residing  within  the 
stroma  include  adipocyte  progenitor/stem  cells,  fibroblasts,  and  various  immune 
cells.  These  cells  are  also  likely  required  for  the  development  and  physiological 
function  of  adipose  tissue.  However,  they  may  also  actively  contribute  to  the  patho- 
logical alterations  seen  in  obese  adipose  tissue.  For  example,  macrophages  and  lym- 
phocytes within  obese  adipose  tissue  secrete  proinflammatory  cytokines.  In  fact,  the 
major  producers  of  many  of  the  proinflammatory  adipokines  once  thought  to  be 
produced  by  adipocytes  are  actually  immune  cells  within  the  stroma  (Fain  2010). 
Here  we  review  the  functions  of  adipose  tissue  stromal  cells  in  the  development  of 
adipose  tissue  and  its  expansion  and  pathology  in  obesity. 


3.2    Adipose  Tissue  Development  and  Blood  Vessels 

During  fetal  development,  adipocytes  differentiate  from  the  mesoderm  germ  line, 
and  in  many  species  subcutaneous  adipose  depots  develop  before  the  visceral  depots 
(Poulos  et  al.  2010).  First  identification  of  adipocytes  can  be  made  based  on  the 
appearance  of  small  lipid  droplets  surrounding  the  cell  nucleus  in  fetuses  (Ailhaud 
et  al.  1992).  In  pigs,  presumptive  mesenchymal  fat  tissue  develops  into  primitive  fat 
cell  organs  or  lobules  that  increase  in  number  and  size  throughout  fetal  develop- 
ment. Notably,  there  is  a  close  spatial  and  temporal  relationship  between  the  devel- 
oping adipocytes  and  the  associated  capillaries  during  fetal  adipose  tissue 
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Fig.  3.1  A  schematic  representation  of  the  interaction  between  macrophage  infiltration,  dense 
vascular  network  formation,  and  the  development  of  adipose  tissue  in  the  tip  of  epididymal  adipose 
tissue.  A  hypoxic  microenvironment  induces  factors  that  recruit  macrophages  within  the  tip  area  of 
adipose  tissue.  These  macrophages  secrete  matrix  metalloproteases,  angiogenic  factors,  and  cyto- 
kines that  subsequently  initiate  the  maturation  of  the  vascular  network.  The  mature  blood  vessel 
networks  allow  triglycerides  to  be  provided  to  adipocyte  progenitor  cells  that  are  induced  to  grow 
into  mature  adipocytes 


development  (Crandall  et  al.  1997;  Hausman  and  Richardson  2004),  with  morpho- 
logical development  of  the  vasculature  clearly  preceding  overt  adipocyte  differen- 
tiation within  internal  fat  depots.  These  observations  strongly  suggest  that  there  is 
close  interplay  between  adipogenesis  and  angiogenesis  during  adipose  tissue 
development. 

Similarly,  adipogenesis  that  occurs  during  postnatal  expansion  of  fat  depots  and 
obesity  also  requires  vascular  development,  so  that  inhibiting  angiogenesis  sup- 
presses fat  mass  expansion  in  adult  mice  (Rupnick  et  al.  2002;  Brakenhielm  et  al. 
2004).  Cho  et  al.  reported  that  the  formation  of  a  dense  vascular  network  precedes 
the  appearance  of  adipocytes  in  the  tip  portion  of  epididymal  adipose  tissue  in  adult 
mice  (Cho  et  al.  2007).  They  also  showed  that  LYVE-1+  macrophages  initially  accu- 
mulate in  the  tip  portion,  where  they  secrete  matrix  metalloproteinases  (MMPs)  and 
angiogenic  factors,  thereby  stimulating  angiogenesis  (Fig.  3.1).  We  also  found  that 
adipogenesis  is  closely  linked  to  the  accumulation  of  isolectin+  cells  and  angiogen- 
esis in  obese  epididymal  fat  pads  (Nishimura  et  al.  2007).  Mechanistically,  there 
appears  to  be  reciprocal  regulation  of  adipogenesis  and  angiogenesis,  at  least  in  part 
via  paracrine  interactions  between  endothelial  cells  and  preadipocytes  (Fukumura 
et  al.  2003;  Nishimura  et  al.  2007).  These  reports  also  suggest  that  inhibiting  VEGF 
signaling  not  only  reduces  angiogenesis  but  also  inhibits  adipocyte  differentiation. 
It  thus  appears  that  the  generation  of  adipocytes  and  blood  vessels  is  tightly  inter- 
linked during  the  formation  and  development  of  adipose  tissue  and  the  expansion  of 
adipose  depots  in  obesity. 

This  raises  the  question,  how  is  angiogenesis  triggered  in  adipose  tissue?  One 
hypothesis  is  that  obesity  without  matched  expansion  of  the  vascular  supply  may 
induce  local  hypoxia  (Kabon  et  al.  2004;  Hosogai  et  al.  2007;  Trayhurn  et  al.  2008; 
Regazzetti  et  al.  2009),  which  in  turn  activates  hypoxia-inducible  factor  (HIF)-l 
(Nishimura  et  al.  2008;  Wood  et  al.  2009;  Sun  et  al.  2011)  (Fig.  3.2).  HIF1  alters 
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Fig.  3.2  A  model  of  the  interplay  between  adipose  tissue  hypoxia  and  angiogenesis.  Adipose 
tissue  expansion  decreases  vascular  density  and  induces  local  hypoxia  that  activates  HIF-1.  HIF-1 
is  a  key  regulator  of  the  cellular  response  to  hypoxia,  and  activates  angiogenesis 


expression  of  numerous  genes  involved  in  the  hypoxic  response,  including  pro- 
angiogenic  factors  and  cellular  metabolic  regulators.  However,  not  all  available 
results  are  consistent  with  that  idea,  and  it  is  still  unclear  to  what  extent  cells  are 
subject  to  hypoxia  within  obese  adipose  tissue.  In  addition  recent  studies  have  dem- 
onstrated inflammatory  signals  can  also  activate  HIF-1  a. 


3.3    Adipose  Tissue  Remodeling  and  Stromal  Cells 

Physiologically,  adipose  tissue  is  a  major  energy  storage  organ,  which  stores  excess 
energy  as  lipids  and  then  releases  it  as  needed.  Compared  to  glycogen  storage,  triac- 
ylglycerol  (TG)  storage  in  adipose  tissue  has  the  advantage  of  being  a  long-term 
energy  buffer  for  individuals  (Coleman  et  al.  2000).  The  amount  of  TG  stored  in  adi- 
pose tissue  is  determined  by  the  balance  between  energy  intake  and  expenditure. 
Another  important  function  of  lipid  storage  in  adipose  tissue  is  the  suppression  of 
adverse  effects  of  lipid  accumulation  in  non-adipose  tissues  and  lipotoxicity.  Marked 
reductions  in  adipose  tissue  mass,  such  as  that  observed  in  lipodystrophy,  lead  to  met- 
abolic dysfunction  because  the  lipids  that  spill  out  of  the  adipose  tissue  accumulate  in 
non-adipose  tissue,  where  they  induce  steatosis  and  lipotoxicity  (Fiorenza  et  al.  201 1). 

To  dynamically  store  and  mobilize  lipids  in  response  to  ever-changing  demand 
and  supply,  adipose  tissue  has  an  extremely  high  capacity  to  expand  its  mass  by 
increasing  adipocyte  size  (hypertrophy)  and  number  (hyperplasia).  During  these 
dynamic  morphological  transformations  of  adipose  tissue,  extracellular  matrix 
(ECM),  stromal  components,  and  blood  vessels  need  to  be  altered  in  concert  with 
the  hypertrophy  and  hyperplasia  of  adipocytes.  In  fact,  adipocytes  are  enmeshed 
in  a  dense  network  of  ECM  (Sun  et  al.  201 1),  which  not  only  provides  mechanical 
support  for  adipose  tissue  but  also  regulates  physiological  and  pathological  pro- 
cesses within  the  tissue.  During  adipose  tissue  expansion,  the  ECM  is  actively 
remodeled.  Khan  et  al.  reported  that  genetic  deletion  of  collagen  VI  resulted  in 
the  uninhibited  expansion  of  individual  adipocytes  and  was  associated  with  sub- 
stantial improvement  in  systemic  metabolism  in  obese  mice  (Khan  et  al.  2009). 
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On  the  other  hand,  a  high-fat  diet  triggered  collagenolytic  activity  in  adipose 
tissue  (Chun  et  al.  2010). 

MMPs  are  the  proteolytic  enzymes  responsible  for  degradation  of  ECM  proteins, 
such  as  collagen,  proteoglycans,  and  elastin.  Four  MMPs  (MMP2,  MMP9,  MMP14, 
and  MT1-MMP)  are  expressed  by  adipocytes  and  stromal  vascular  cells  during  adi- 
pocyte expansion  (Lijnen  et  al.  2002;  Chavey  et  al.  2003).  Chun  et  al.  showed  that 
the  modulation  of  pericellular  collagen  rigidity  is  essential  for  maturation  of  adipo- 
cytes (Chun  et  al.  2006).  Thus  dynamic  regulation  of  ECM  appears  to  be  integral  to 
adipogenesis  and  to  adipose  tissue  expansion. 


3.4    Adipose  Tissue  Inflammation  and  Stromal  Cells 


It  is  now  clear  that  obesity  induces  inflammation  within  visceral  adipose  tissue,  and 
that  it  involves  production  of  various  proinflammatory  cytokines  and  infiltration  by 
immune  cells  (Hotamisligil  et  al.  1993;  Steppan  et  al.  2001;  Weisberg  et  al.  2003). 
It  is  also  becoming  increasingly  clear  that  adipose  tissue  inflammation  contributes 
to  the  development  of  systemic  insulin  resistance  and  the  complications  of  meta- 
bolic syndrome  (Cancello  et  al.  2004;  Hotamisligil  2006;  Weisberg  et  al.  2006). 
However,  it  remains  unclear  how  inflammation  is  initiated  in  adipose  tissue,  though 
several  models  have  been  proposed:  (1)  Hypertrophic  adipocytes  may  produce  che- 
mokines,  including  MCP-1,  that  recruit  immune  cells  (Fig.  3.3a).  (2)  Adipocyte 
death  may  promote  infiltration  by  macrophages  that  remove  components  of  the  dead 
adipocytes.  Indeed,  macrophages  form  crown-like  structures  surrounding  dead  adi- 
pocytes (Cinti  et  al.  2005;  Pajvani  et  al.  2005;  Nishimura  et  al.  2007)  (Fig.  3.3b). 
(3)  Hypoxia  may  upregulate  expression  of  proinflammatory  mediators,  including 
MIF,  MMPs,  and  VEGF  in  adipocytes  (Chen  et  al.  2006;  Hosogai  et  al.  2007;  Ye 
et  al.  2007)  (Fig.  3.3c).  (4)  Fatty  acids  may  activate  macrophages  (Orr  et  al.  2012). 
(5)  T  cells  may  be  activated  by  lipid  antigens  (Lumeng  et  al.  2009).  Although  the 
initial  events  in  adipose  tissue  inflammation  remain  unknown,  it  is  likely  that  those 
mechanisms  are  involved  in  the  progression  of  inflammatory  processes.  Cross  talk 
between  adipocytes  and  stromal  cells  is  of  particular  interest  in  that  regard.  Suganami 
et  al.  proposed  a  paracrine  loop  formed  through  the  production  of  free  fatty  acids  by 
adipocytes  and  TNF-oc  by  macrophages  (Suganami  et  al.  2005).  In  addition,  we 
showed  that  adipocytes,  CD8+  T  cells,  and  macrophages  interact  with  one  another 
to  activate  and  augment  inflammatory  signaling  (Nishimura  et  al.  2009). 


3.5    Functions  of  Adipose  Stromal  Cells 


As  we  have  seen,  stromal  cells  play  several  roles  in  the  physiology  and  pathology  of 
adipose  tissue.  In  the  following  sections,  we  present  an  overview  of  the  function  of 
each  stromal  cell  type. 
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Fig.  3.3  Hypothetical  models  for  the  initiation  of  adipose  tissue  inflammation,  (a)  Hypertrophic, 
obese  adipocytes  produce  proinflammatory  mediators  (e.g.,  MCP1)  that  induce  immune  cell  infil- 
tration into  adipose  tissue,  (b)  Dead  adipocytes  promote  the  infiltration  of  macrophages  that 
remove  residual  components  of  dead  adipocytes,  (c)  Local  hypoxia  in  adipose  tissue  upregulates 
expression  of  proinflammatory  mediators 


3.5.1    Adipocyte  Progenitor  Cells 

Adipocyte  progenitor  cells  reside  in  the  adipose  tissue  stroma  and  can  locally  dif- 
ferentiate into  adipocytes  (Cawthorn  et  al.  2012).  Several  different  sets  of  surface 
markers  for  identification  of  adipocyte  progenitor  cells  have  been  reported.  For 
instance,  Rodeheffer  et  al.  identified  Lin-(CD31/CD45/Terll9)-CD34+CD29+Sca- 
1+CD24+  cells  as  adipocyte  progenitors  in  mice  (Rodeheffer  et  al.  2008),  whereas 
Lin  et  al.  identified  PPAR+CD34+Sca-1+CD45-Terl  19~  cells  to  be  adipocyte  progeni- 
tors able  to  proliferate  and  differentiate  into  adipocytes  (Lin  et  al.  2008b).  Thus  a 
definitive  set  of  adipocyte  progenitor/stem  cell  markers  has  still  not  been  identified. 
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Nonetheless,  the  results  of  recent  studies  point  to  a  cell  population  that  can  differen- 
tiate into  adipocytes  in  vitro  and  within  obese  adipose  tissue  in  adult  animals. 

Recent  studies  have  also  revealed  the  location  of  adipocyte  progenitor  cells 
within  the  adipose  tissue  structure.  Tang  et  al.  showed  that  adipocyte  progenitor 
cells  reside  in  the  mural  cell  compartment  of  the  adipose  tissue  vasculature.  They 
therefore  predicted  that  there  is  cross  talk  between  adipocyte  progenitors  and  endo- 
thelial cells  (Tang  et  al.  2008).  Moreover,  morphological  evidence  indicates  that 
adipose  progenitors  physically  surround  vascular  endothelial  cells  in  a  fashion  simi- 
lar to  pericytes  and  function  as  a  modulators  of  endothelial  cell  proliferation  and 
vascular  contractility  (Lin  et  al.  2008a;  Traktuev  et  al.  2008).  Adipocyte  progenitor 
cells  also  reportedly  express  pericyte  surface  markers,  including  CD  146,  NG2,  and 
PDGF-Rp,  whereas  they  lack  hematopoietic,  endothelial,  and  myogenic  cell  mark- 
ers (Crisan  et  al.  2008;  Lin  et  al.  2008a;  Traktuev  et  al.  2008).  These  findings  indi- 
cate that  adipocyte  progenitor  cells  exist,  at  least  in  part,  within  the  perivascular  cell 
population. 

Adipocyte  progenitor  cells  residing  in  the  adipose  stroma  have  also  gained  con- 
siderable attention  in  the  context  of  therapeutic  application  because  they  have  the 
potential  to  differentiate  into  multiple  lineages,  including  osteoblasts  (Zheng  et  al. 
2006),  skeletal  myocytes  (Di  Rocco  et  al.  2006),  neural  cells,  and  endothelial  cells 
(Ning  et  al.  2006),  in  addition  to  adipocytes  (Chamberlain  et  al.  2007). 

3.5.2  Endothelial  Cells 

Endothelial  cells,  which  play  a  critical  role  in  the  exchange  of  leukocytes,  nutrients, 
and  oxygen  between  blood  and  tissues,  are  one  of  the  major  populations  of  adipose 
stromal  cells  and  play  an  important  role  in  adipogenesis.  Furthermore,  their  dys- 
function likely  contributes  to  adipose  tissue  dysfunction  and  pathology.  For  exam- 
ple, endothelial  cell  dysfunction  inhibits  angiogenesis,  leading  to  hypoxia,  as 
mentioned.  In  addition,  we  found  that  endothelial  cells  in  obese  epididymal  adipose 
tissue  express  high  levels  of  adhesion  molecules  (Nishimura  et  al.  2007),  which 
enhances  the  interaction  between  endothelial  cells  and  leukocytes,  perturbing  blood 
flow.  Similarly,  pro-angiogenic  and  proinflammatory  gene  expression  is  reportedly 
increased  in  obese  visceral  adipose  tissue  in  humans  (Villaret  et  al.  2010). 
Endothelial  dysfunction  also  alters  transendothelial  transport  and  exclusion  (Chudek 
and  Wiecek  2006).  Thus  endothelial  cells  play  major  roles  in  both  the  physiology 
and  pathology  of  adipose  tissue. 

3.5.3  Macrophages 

Macrophages  are  thought  to  be  the  major  effector  cell  type  in  adipose  tissue  inflam- 
mation and  insulin  resistance  (Weisberg  et  al.  2003;  Zhu  et  al.  2003).  Weisberg  et  al. 
reported  that  adipose  tissue  macrophages  (ATMs)  are  derived  from  bone  marrow 
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(Weisberg  et  al.  2003).  Later,  Lumeng  et  al.  noted  two  major  types  of  ATMs  in 
adipose  tissue  (Lumeng  et  al.  2007).  As  in  other  tissues,  those  macrophages  can  be 
classified  as  Ml  (classically  activated)  and  M2  (alternatively  activated).  Resident 
ATMs  in  lean  adipose  tissue  primarily  exhibit  an  M2-like  phenotype  and  express  the 
anti-inflammatory  cytokine  IL-10  and  the  M2  markers  Yml  and  arginase  1  (Lumeng 
et  al.  2007).  By  contrast,  the  macrophages  that  accumulate  in  obese  adipose  tissue 
express  higher  levels  of  proinflammatory  cytokines,  including  TNF-a,  IL-ip,  IL-6, 
and  iNOS,  indicating  that  in  obese  adipose  tissue  the  macrophage  activation  polar- 
ity is  shifted  toward  Ml.  IL-10  has  been  shown  to  prevent  the  effects  of  TNF-a  on 
adipocytes  that  express  IL-10  receptor  (Lumeng  et  al.  2007),  suggesting  that 
whereas  M2  ATMs  restrain  inflammation,  Ml  ATMs  promote  and  execute  inflam- 
matory processes. 

Odeggard  et  al.  and  Kang  et  al.  showed  that  macrophage-specific  Pparg  and 
Ppard  knockout  increased  expression  of  Ml  markers  and  reduced  expression  of  M2 
markers  in  the  epididymal  fat  of  diet-induced  obese  (DIO)  mice  (Odegaard  et  al. 
2007;  Kang  et  al.  2008).  In  addition,  when  they  were  cocultured  with  3T3-L1  adi- 
pocytes, bone  marrow-derived  macrophages  expressed  IL-10  along  with  M2  mark- 
ers in  a  partially  PPAR5-dependent  manner.  Furthermore,  the  thiazolidinedione 
(TZD)  drugs  used  to  treat  diabetes  are  PPARy  ligands,  and  macrophage  PPARy  is 
required  for  the  full  antidiabetic  actions  of  TZDs  (Hevener  et  al.  2007).  Collectively, 
these  results  suggest  that  therapeutic  modulation  of  macrophage  activation  could 
lead  to  novel  strategies  for  treating  diabetes. 

Finally,  a  recent  paper  presented  the  surprising  finding  that  ATMs  synthesize  and 
secrete  catecholamines  (Nguyen  et  al.  2011).  Exposure  to  the  cold  increases  the 
numbers  of  adipose  tissue  M2  macrophages,  which  secrete  catecholamines,  thereby 
inducing  expression  of  thermogenic  genes  in  brown  adipose  tissue  and  lipolysis  in 
white  adipose  tissue.  These  changes  promote  thermogenesis  for  adaptation  to  the 
cold. 


3.5.4    Other  Immune  Cells 

In  addition  to  macrophages,  obesity  also  leads  to  the  activation  of  other  types  of 
immune  cells,  including  CD4+  Thl  cells  (Winer  et  al.  2009),  CD8+  T  cells  (Nishimura 
et  al.  2009),  B  cells  (Winer  et  al.  2011),  mast  cells  (Liu  et  al.  2009),  natural  killer 
(NK)  cells  (Ohmura  et  al.  2010),  invariant  NKT  (iNVT)  cells  (Lynch  et  al.  2012), 
and  neutrophils  (Talukdar  et  al.  2012).  On  the  other  hand,  as  with  M2  macrophages, 
numbers  of  CD4+  regulatory  T  (Treg)  cells  and  Th2  cells  are  not  increased  in  obese 
adipose  tissue,  resulting  in  a  reduction  in  the  relative  size  of  their  fraction,  as  com- 
pared to  the  proinflammatory  cell  types  (Feuerer  et  al.  2009;  Winer  et  al.  2009). 

CD4+  Thl  cells  and  CD8+  T  cells  recruit  macrophages  to  adipose  tissue  by  pro- 
ducing cytokines  such  as  IFN-y  (Nishimura  et  al.  2009;  Winer  et  al.  2009;  Strissel 
et  al.  2010).  B  cells  in  visceral  fat  also  promote  adipose  tissue  inflammation  through 
production  of  pathogenic  IgG  antibodies  (Winer  et  al.  2011).  Similarly,  mast  cells 
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appear  to  contribute  to  the  progression  of  adipose  tissue  inflammatory  processes 
(Liu  et  al.  2009),  and  neutrophils  reportedly  accumulate  early  in  response  to  a  high- 
fat  diet  and  then  recruit  inflammatory  macrophages  through  secretion  of  neutrophil 
elastase  (Talukdar  et  al.  2012). 

Conversely,  Treg  cells  apparently  suppress  adipose  tissue  inflammation  (Feuerer 
et  al.  2009;  Ilan  et  al.  2010),  and  a  recent  study  (Cipolletta  et  al.  2012)  showed  that 
PPAR-y  is  important  for  the  function  of  adipose  tissue  Treg  cells.  Lynch  et  al. 
reported  that  iNKT  cells  are  enriched  in  obese  adipose  tissue,  and  exert  beneficial 
effects  via  anti-inflammatory  cytokine  production  (Lynch  et  al.  2012).  iNKT  cells 
also  recruit  M2  macrophages  via  IL-4  (Ji  et  al.  2012a,  b).  Wu  et  al.  showed  that 
eosinophils  are  also  major  IL4-expressing  cells  and  recruit  M2  macrophages  in  an 
IL4/IL 13 -dependent  manner  (Wu  et  al.  201 1).  These  data  indicate  that  homeostasis 
and  inflammation  within  adipose  tissue  are  controlled  through  a  complex  network 
of  immune  cells,  adipocytes,  and  other  stromal  cell  types. 


3.6    Concluding  Remarks 

The  findings  summarized  in  this  review  indicate  that  adipose  stromal  cells  play  key 
roles  in  the  dynamic  processes  of  adipose  tissue  development,  expansion,  and 
inflammation.  Stromal  cells  also  crucially  contribute  to  the  maintenance  of  homeo- 
stasis within  adipose  tissue.  To  accomplish  this,  they  continuously  communicate 
with  adipocytes  to  regulate  the  physiological  and  pathological  processes  ongoing 
within  adipose  tissue.  Therefore,  to  better  understand  the  mechanisms  involved  in 
regulating  adipose  tissue  physiology  and  pathology,  it  will  be  important  to  further 
elucidate  the  functions  of  stromal  cells  and  the  pathways  via  which  they  communi- 
cate with  the  other  cell  types  within  adipose  tissue. 
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Chapter  4 

Vascular  Adipose  Complex 

J.  Michael  Sorrell 


Abstract  An  extensive,  robust  microvasculature  is  required  to  maintain  the  metabolic 
integrity  of  adipose  tissue.  This  means  that  adipocytes  and  vascular  endothelial  cells 
maintain  a  constant  communication  that  is  mediated  in  part  through  paracrine  sig- 
naling, a  feature  that  requires  cellular  proximity.  Adipocytes  are  atypical  mesenchy- 
mal cells  in  that  they  form  a  basement  membrane  in  the  absence  of  direct  contact 
with  epithelial  cells.  Adipocyte  development  always  occurs  in  context  with  a  vascu- 
lar plexus.  Vascular  endothelial  cells  interact  with  stromal  support  cells  to  produce 
a  basement  membrane  complex.  Thus,  adipose  tissue  contains  two  basement  mem- 
brane systems  in  close  proximity.  These  two  basement  membrane  systems  also 
develop  during  the  construction  of  a  tissue  engineered,  pre-vascularized  adipose 
tissue  and  form  an  integrated  adipocyte/vascular  complex.  This  complex  contains 
the  heparan  sulfate  proteoglycan  perlecan.  Perlecan  is  critical  for  angiogenesis 
since  it  sequesters,  concentrates,  and  protects  multiple  pro-angiogenic  bioactive 
factors.  The  basement  membrane/vascular  complex  remains  stable  upon  implanta- 
tion into  a  live  host.  Thus,  the  basement  membrane  may  be  a  target  for  control  of 
adipose  tissue  since  it  is  critical  for  vascular  function. 
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4.1    Introduction:  Adipocyte/Vascular  Complex 

The  endocrine  function  of  adipocytes  depends  upon  their  close  physical  contact 
with  the  micro  vasculature  (Niemela  et  al.  2008;  Cao  2010).  In  addition,  vascular 
cells  and  adipose  cells  functionally  interact  with  each  other  via  paracrine  interac- 
tions, a  feature  that  requires  cellular  proximity  (Cao  2010).  Thus,  mechanisms  for 
establishing  and  maintaining  close  cellular  contact  between  these  two  populations 
of  cells  must  exist.  The  work  outlined  below  proposes  that  a  structural  and  physio- 
logical adipocyte/vascular  complex  exists  and  is  defined  by  the  development  of  a 
shared  basement  membrane  structure  (Sorrell  et  al.  2011).  Basement  membranes 
are  typically  found  at  the  interface  between  epithelial  and  mesenchymal  cells 
(Nikolova  et  al.  2008).  However,  mesenchymal  adipocytes  are  atypical  in  that  they 
surround  themselves  with  a  basement  membrane  without  direct  contact  with  epithe- 
lial cells  (Napolitano  1963;  Hausman  and  Richardson  2004).  Mesenchymal  stem 
cells  (MSCs)  that  are  harvested  from  bone  marrow,  adipose  tissues,  and  other  tis- 
sues can  be  induced  to  differentiate  as  adipocytes,  and  basement  membrane  forma- 
tion is  an  early  step  in  the  differentiation  program  of  these  cells.  Thus,  it  is  necessary 
to  understand  the  dynamics  of  basement  membrane  formation  in  vivo  and  in  MSC 
induction. 


4.2    Basement  Membrane  Synthesis  and  Adipocyte 
Development 

The  physical  and  physiological  structure  of  white  adipose  tissue  displays  heteroge- 
neity that  depends  upon  the  anatomical  location  of  this  tissue  (Tavassoli  1976; 
Niemela  et  al.  2008;  Sbarbati  et  al.  2010).  The  three  major  types  of  white  adipose 
tissue  are  medullary  (bone  marrow),  subcutaneous,  and  visceral.  All  three  variations 
follow  the  same  developmental  pattern  whereby  vascular  development  precedes 
adipogenesis  (Hausman  et  al.  1991;  Hausman  and  Richardson  2004).  Figure  4.1 
outlines  the  initial  series  of  events  for  in  vivo  adipogenesis  (Napolitano  1963;  Smith 
and  Holbrook  1986;  Johnson  and  Holbrook  1989).  Capillaries  surrounded  by  a 
basement  membrane  reside  in  a  bed  of  fibroblastic  cells  that  acquire  lipid  droplets 
and  a  basement  membrane  before  they  reach  maturity.  Ultimately,  they  establish  a 
unilocular  configuration  and  form  close  physical  association  with  the  capillary  net- 
work. Hausman  and  others  (1991)  studied  the  development  of  adipose  tissue  in  fetal 
pigs  and  found  that  laminin  immuno staining  preceded  that  of  type  IV  collagen. 
Thus,  in  adipocytes,  laminin  expression  is  one  of  the  earliest  markers  of  cellular 
differentiation. 

The  early  expression  of  laminin  also  applies  to  the  induction  of  adipogenic  cells 
from  mesenchymal  stem  cells  (MSCs  and  ASCs — adipose  stromal  fractions). 
Figure  4.2  demonstrates  the  expression  of  laminin  on  surfaces  of  stem  cells  from 
adipose  tissue  at  day  4  of  induction  for  ASCs.  The  early  induction  implies  that 
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Fig.  4.1  Adipocyte  development.  Capillary  networks  appear  first  at  sites  of  adipose  tissue. 
Fibroblastic  cells  (1)  acquire  lipid  deposits  (2)  and  produce  a  basement  membrane  (3).  These  cells 
mature  to  form  unilocular  adipocytes  (4).  Vascular  structures  and  adipocytes  develop  basement 
membranes  early  in  the  development  of  adipose  tissues 


Fig.  4.2  Laminin  production. 
An  early  event  in  adipocytic 
differentiation  is  the 
expression  of  laminin  at  the 
cell  surface.  ASCs  express 
surface  laminin  at  4  days 
following  their  induction  to 
adipocytes.  Bar=  150  um 


newly  differentiated  adipogenic  cells  also  express  cognitive  receptors  for  laminin. 
Patrick  and  others  (2003)  found  that  preadipocytes  highly  expressed  CD29  (pi  inte- 
grin)  and  CD61  (P3  integrin),  both  of  which  participate  in  laminin  ligation  at  the  cell 
surface.  Further,  they  found  that  the  attachment  of  preadipocytes  to  a  laminin 
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substrate  and  the  cellular  migration  of  these  cells  on  this  substrate  were  most  effec- 
tively inhibited  by  blocking  the  function  of  the  ocipi  integrin.  Thus,  the  adipocytic 
expression  of  this  integrin  may  be  critical  for  further  differentiation  of  these  cells. 
Preadipocytes  that  attached  to  a  laminin  substrate  developed  lipid  deposits  more 
effectively  than  when  these  cells  attach  to  either  type  I  collagen  matrices  or  to  tissue 
culture  plastic  (Chaubey  and  Burg  2008).  Thus,  there  appear  to  be  marked  physio- 
logical reasons  for  the  early  expression  of  laminin.  Therefore,  the  early  expression 
of  laminin,  and  subsequently  other  basement  membrane  molecules,  can  be  used  in 
conjuction  with  transcription  factors  such  as  peroxisome  proliferator-activated 
receptor-y  and  CCAAT/enhancer-binding  protein-oc  as  early  markers  of  adipocyte 
differentiation  (Niemela  et  al.  2008). 

Human  MSCs  from  bone  marrow,  upon  adipocyte  induction,  exhibit  an  upregu- 
lation  of  message  for  type  IV  collagen  by  3  days  post-induction  (Sillat  et  al.  2012). 
Pericellular  deposition  of  that  protein  occurred  by  day  7.  Only  messages  for  the  al 
and  a2  chains  of  type  IV  collagen  were  upregulated  and  only  these  chains  were 
immunologically  detected.  This  implies  that  type  IV  collagen  structure  surrounding 
MSCs  would  consist  of  the  alocla2  trimer. 


4.3    Expression  of  Non-basement  Membrane  Extracellular 
Matrix  Molecules 

The  in  vitro  induction  of  adipogenesis  results  in  a  general  upregulation  in  the  syn- 
thesis and  release  of  a  complex  set  of  extracellular  matrix  molecules  that  transcends 
basement  membrane  molecules  (Aratani  and  Kitagawa  1988).  These  include:  vari- 
ous collagens,  proteoglycans,  and  hyaluronan.  The  principal  proteoglycan  in  this 
mixture  is  the  large  proteoglycan  versican  (Zimmermann  and  Ruoslahti  1989). 
Versican  contains  an  hyaluronan-binding  domain  that  enables  it  to  form  stable  com- 
plexes with  hyaluronan.  These  complexes  have  also  been  proposed  to  play  a  role  in 
the  promotion  of  adipogenesis  (Zizola  et  al.  2007).  Multiple  versicans  may  bind  to 
a  single  hyaluronan  molecule  to  form  large,  water-organizing  complexes  that 
increase  the  viscosity  of  the  culture  medium.  In  addition,  proteomic  analysis  of 
adipogenic  conditioned  medium  revealed  the  presence  of  multiple  bioactive  factors 
that  include,  but  are  not  limited  to,  hepatocyte  growth  factor,  interleukin-lRII,  inter- 
leukin-20,  lymphotactin,  macrophage  inflammatory  protein- la,  progranulin,  and 
vascular  endothelial  growth  factor.  Upon  concentration,  this  complex  mixture  of 
matrix  and  bioactive  factors  spontaneously  gels  to  produce  a  product  that  resembles 
the  consistency  of  Matrigel.  This  product,  termed  Adipogel,  has  been  shown  to  sup- 
port the  culture  of  hepatocytes  (Sharma  et  al.  2010).  Thus,  upon  adipogenic  conver- 
sion, preadipocytes  not  only  initiate  basement  membrane  formation,  but  they  also 
release  potent  bioactive  factors  that  can  potentially  influence  the  adjacent  vascular 
networks. 
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In  tissue  engineered  applications,  stem  cells  from  various  sources  have  been 
induced  to  differentiate  towards  the  adipogenic  lineage.  The  extracellular  matrix  to 
which  these  cells  are  exposed  may  play  a  role  in  this  process.  Matrix  molecules 
extracted  from  adult  adipose  tissue  were  used  to  create  a  hydrogel  support  for  adi- 
pogenesis  (Uriel  et  al.  2008).  Placement  of  preadipocytes  onto  this  hydrogel  did  not 
induce  adipogeneis;  however,  adipogenic  events  were  hastened  and  improved  com- 
pared with  that  of  cells  not  in  contact  with  this  matrix.  Matrigel,  which  contains 
basement  membrane  proteins  extracted  from  a  murine  tumor,  can  promote  adipo- 
genesis  in  the  presence  of  FGF-2  (Kimura  et  al.  2002;  Vashi  et  al.  2006).  The  role 
of  type  IV  collagen  in  adipogenic  induction  was  studied  by  Mauney  and  others 
(2010).  They  found  that  native  type  IV  collagen  did  not  support  adipogenic  conver- 
sion of  human  MSCs.  However,  denatured  type  IV  collagen  was  effective  in  this 
support.  This  implies  that  proteolytic  activity  at  the  cell  surface  may  be  important  in 
regulating  adipogenic  conversion.  Thus,  extracellular  matrix  molecules  play  critical 
roles  in  the  development  of  adipogenic  cells.  Decellularized  adipose  tissue  contains 
multiple  extracellular  matrix  molecules  that  in  combination  support  adipogenesis 
(Flynn  2010). 


4.4    Cellular  Constituents  of  Adipose  Tissue 
4.4.1  Introduction 

The  cellular  composition  of  adipose  tissue  is  important  in  defining  its  function. 
Mature  adipose  tissue  contains  multiple  cellular  constituents:  adipocytes,  preadipo- 
cytes, fibroblasts,  vascular  endothelial  cells,  multipotential  stem  cells,  neural  cells, 
and  variable  numbers  of  macrophages  (Niemela  et  al.  2008).  All  of  these  cells  play 
a  role  in  normal  adipose  tissue  function.  Noncellular  extracts  from  freshly  isolated 
adipose  tissue  contain  a  large  number  of  bioactive  factors  that  include  those  that 
promote  adipogenesis  and  angiogenesis  (Sarkanen  et  al.  2012).  Consequently,  it 
would  be  helpful  to  reconstitute  a  tissue  engineered  adipose  tissue  which  contains  a 
complex  mixture  of  cells.  A  pre- vascularized  tissue  contains  at  a  minimum  three 
cellular  components:  adipose  cells,  vascular  support  cells,  and  vascular  endothelial 
cells  (Sorrell  et  al.  2011).  When  adipocytes  are  induced  from  MSCs  or  ASCs,  it  is 
first  necessary  to  expose  these  cells  to  adipocyte  induction  medium  (AIM).  This 
cannot  be  accomplished  with  a  mixed  population  of  cells  since  the  vascular  support 
cells  also  respond  to  this  induction  medium.  Consequently,  the  first  step  is  to  create 
an  "adipose  tissue."  Upon  the  removal  of  AIM,  additional  cells,  included  vascular 
endothelial  cells  can  then  be  introduced.  Induced  adipocytes  do  not  support  vascular 
development.  Therefore,  a  separate  vascular  support  population  must  be  introduced 
to  the  system. 
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Fig.  4.3  In  vitro  development  of  adipose  cells.  ASCs  seeded  at  high  density  and  cultured  in  the 
presence  of  adipocyte  induction  medium  (AIM)  and  elevated  levels  of  ascorbate  for  2  weeks  devel- 
oped into  oil  red  O  positive  cells.  In  the  absence  of  AIM-treatment,  oil  red  O  positive  cells  failed 
to  form.  Bars  =  500  and  200  um.  Sorrell  et  al.,  Biomaterials  32:9667,  2011,  reproduced  with  per- 
mission of  the  Publisher 

4.4.2    Adipose  Cells/Induction  of  Mesenchymal  Stem  Cells 

Cells  that  can  be  induced  towards  the  adipocyte  phenotype  reside  in  multiple  tissues 
that  include  bone  marrow,  dermis  and  hypodermis,  and  ventral  adipose  tissue 
(Pittenger  et  al.  1999;  Vermette  et  al.  2007;  Junker  et  al.  2010).  The  removal  of 
adipocytes  from  white  adipose  tissue  leaves  behind  a  stromal  vascular  fraction  that 
contains  multiple  populations  of  cells.  This  population  can  be  further  purified  to 
produce  an  ASC  which  is  still  not  a  homogeneous  population  of  cells.  These  ASCs 
express  many  of  the  same  cell  surface  markers  as  do  bone  marrow  MSC  and  they 
can  also  be  induced  to  differentiate  along  adipogenic,  chondrogenic,  and  osteogenic 
lineages  (Gomillion  and  Burg  2006;  Zuk  et  al.  2001).  These  ASCs  contain  a  higher 
proportion  of  cells  that  can  be  differentiated  toward  the  adipogenic  lineage  than  do 
MSCs.  Furthermore,  procedures  have  been  developed  to  convert  these  cells  into  tis- 
sue engineered  adipose  tissue  (Vermette  et  al.  2007).  First,  these  cells  were  cultured 
at  high  density  in  the  presence  of  elevated  levels  of  ascorbate  to  enhance  extracel- 
lular matrix  production  (Hata  and  Senoo  1989;  Berthod  et  al.  2006).  Then  the  cells 
were  exposed  to  AIM  to  induce  adipogenic  cells  (Fig.  4.3).  The  result  was  a  thin, 
three-dimensional  adipose  tissue  that  served  as  the  base  for  the  addition  of  subse- 
quent populations  of  cells  (Sorrell  et  al.  2011). 


4.4.3    Vascular  Support  Cells 

Vascular  support  cells  produce  a  combination  of  extracellular  matrix  and  bioactive 
factors  that  are  essential  for  vascular  tubule  formation  (Sorrell  et  al.  2008;  Merfeld- 
Clauss  et  al.  2010).  Multiple  populations  of  vascular  support  cells  have  been 
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identified,  and,  in  general,  these  cells  possess  fibroblast-like  characteristics. 
Nonetheless,  not  all  fibroblast-like  cells  exhibit  vascular  support  characteristics 
(Sorrell  et  al.  2008).  Therefore,  empirical  determinations  for  optimal  vascular  sup- 
port populations  are  necessary  to  select  cells  for  this  purpose.  The  selection  process 
was  adapted  from  the  work  of  Bishop  and  others  (1999)  who  created  dense  fibro- 
blast lawns  to  support  vascular  tubule  formation  by  HUVECs.  This  same  approach 
has  also  been  employed  for  MSC  and  ASC  populations  (Sorrell  et  al.  2009;  Merfeld- 
Clauss  et  al.  2010).  Figure  4.4  provides  a  comparison  of  vascular  tubule  formation 
when  different  support  cells  were  employed.  Dermal  fibroblasts  obtained  from  the 
papillary  dermis  provided  the  best  support;  however,  inclusion  of  MSCs  and  ASCs 
did  not  interfere  with  this  level  of  support.  Because  of  the  stem  cell  components  of 
MSC  and  ASC  populations,  these  cells  were  included  in  the  vascular  support  cells 
at  a  ratio  of  1:1:1  of  dermal  fibroblasts :MSCs:  ASCs.  This  mixture  was  seeded  onto 
adipose  cells  and  cultured  in  the  presence  of  elevated  ascorbate  for  1  week  prior  to 
seeding  HUVECs.  This  formulation  was  used  in  all  subsequent  applications. 


4.4.4    Vascular  Endothelial  Cells 

HUVECs  have  routinely  been  employed  in  tissue  engineering  of  vascularized  tis- 
sues. These  cells  will  align  and  form  authentic  tubules  under  co-culture  conditions 
and  when  properly  inserted  into  athymic  rodents  (Au  et  al.  2008;  Sanz  et  al.  2008). 
Following  implantation  into  athymic  hosts,  tubules  formed  by  HUVECs  have  been 
shown  to  anastomose  with  host  vasculature  and  to  carry  host  blood.  Fibroblastic 
cells  do  not  express  type  IV  collagen  or  laminin  unless  they  are  induced  to  differen- 
tiate (Fig.  4.5).  An  exception  to  this  occurs  when  fibroblastic  cells  physically  con- 
tact epithelial  cells  such  as  keratinocytes  or  vascular  endothelial  cells.  Contact  with 
epithelial  cells  results  in  the  early  enhanced  expression  of  type  IV  collagen  by  fibro- 
blasts. However,  laminin  expression  follows  type  IV  collagen  expression  (Sorrell, 
unpublished).  Subsequently,  this  translates  into  the  formation  of  a  basement  mem- 
brane that  surrounds  vascular  tubules.  Basement  membrane  formation  by  vascula- 
ture is  essential  in  that  the  basement  membrane  that  forms  contains  pro-angiogenic 
molecules  such  as  the  proteoglycan  perlecan.  Perlecan  is  substituted  with  heparan 
sulfate  chains  that  sequester,  concentrate,  and  protect  a  variety  of  bioactive  factors 
that  are  associated  with  angiogenesis  (Iozzo  and  San  Antonio  2001).  In  addition, 
basement  membranes  act  to  stabilize  vascular  structures.  Thus,  in  co-cultures  that 
do  not  contain  adipose  cells,  the  only  basement  membranes  are  those  that  surround 
vascular  structures. 

As  discussed  previously,  induced  adipose  cells  present  basement  membrane 
material  on  their  surfaces,  which  contrasts  them  with  vascular  support  cells 
(Fig.  4.6).  This  patchwork  display  of  basement  membrane  molecules  creates  pre- 
ferred regions  upon  which  HUVECs  initially  attach.  HUVECs  contain  cell  surface 
receptors  that  bind  to  basement  membrane  which  means  that  they  initially  attach  to 
adipocyte  regions  within  the  co-culture,  but  then  migrate  to  adjacent  vascular 
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Fig.  4.4  Vascular  support  cells.  Vascular  support  cells  were  selected  for  their  ability  to  support 
vascular  tubule  formation  in  an  in  vitro  angiogenic  assay  and  for  the  presence  of  mesenchymal 
stem  cells.  A  1:1:1  mixture  of  dermal  fibroblasts,  bone  marrow  MSCs,  and  ASCs  was  selected  for 
this  purpose.  Bars  =  2  mm.  Sorrell  et  al.,  Biomaterials  32:9667,  2011,  reproduced  with  permission 
of  the  Publisher 


support  cells  (Fig.  4.7).  The  initial  attachment  to  adipose  cells  ensures  the  proximity 
of  vascular  structures  to  clusters  of  adipose  cells.  HUVECs  migrate  and  align  on  the 
surfaces  of  vascular  support  cells  and  for  stable  tubules  by  day  5-6  following  their 
seeding. 
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Fig.  4.5  Induction  of  basement  membrane  components.  Treatment  of  high  density  ASC  cultures 
with  AIM  significantly  upregulated  the  expression  of  type  IV  collagen  and  laminin.  In  contrast, 
fibroblast  cultures  and  noninduced  ASC  cultures  did  not  express  these  matrix  molecules. 
Bar=500  um.  Sorrell  et  al.,  Biomaterials  32:9667,  2011,  reproduced  with  permission  of  the 
Publisher 


Fig.  4.6  Nonuniform  distribution  of  basement  membrane  components.  Vascular  endothelial  cells 
are  seeded  onto  a  co-culture  with  a  nonuniform  distribution  of  basement  membrane  molecules. 
Bar=  100  and  50  um.  Sorrell  et  al.,  Biomaterials  32:9667,  201 1,  reproduced  with  permission  of  the 
Publisher 

4.4.5    Perivascular  Cells 

The  microvasculature  is  stabilized  by  a  population  of  perivascular  cells  that  are  com- 
monly referred  to  as  pericytes  (Gerhardt  and  Betsholtz  2003).  In  addition,  perivascu- 
lar cells  are  now  known  to  act  as  stem  cells  and  to  play  roles  in  wound  healing 
(Crisan  et  al.  2008;  Corselli  et  al.  2010;  Zimmerlin  et  al.  2010).  Their  introduction 
into  tissue  engineered  vascularized  construct  may  provide  for  additional  vascular 
stability  (Au  et  al.  2008;  Sanz  et  al.  2008;  Sorrell  et  al.  2009).  Perivascular  cells  are 
attracted  to  neo-vasculature  via  bioactive  factors  released  from  vascular  endothelial 
cells.  Platelet-derived  growth  factor-BB  (PDGF-BB)  is  one  of  the  principal  factors 
(Hirschi  et  al.  1998).  The  development  of  a  basement  membrane  appears  to  augment 
pericyte  attraction  through  the  sequestration  of  the  heparin-binding  PDGF-BB. 
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Fig.  4.7  Organization  of  vasculature.  HUVECs  seeded  onto  vascular  support/adipocyte  co- 
cultures  were  tracked  in  live  cultures  starting  at  2  h  following  seeding.  At  2  h,  HUVECs  primarily 
attach  to  basement  membrane  regions  that  are  enriched  in  adipocytes.  Subsequently  (5  h),  these 
cells  migrate  onto  the  adjacent  vascular  support  layer  and  align  (24  h).  Vascular  tubules  have 
formed  by  day  6  and  an  elaborate  interaction  between  vascular  and  adipocyte  basement  mem- 
branes has  formed  by  day  11.  The  merged  image  indicates  the  location  of  labeled  HUVECs  within 
this  matrix  complex.  Bars  =  500  um.  Sorrell  et  al.,  Biomaterials  32:9667,  2011,  reproduced  with 
permission  of  the  Publisher 


Bone  marrow-derived  MSCs  seeded  simultaneously  with  HUVECs  or  when  seeded 
up  to  5  days  later  will  assume  a  perivascular  orientation.  Therefore,  equal  numbers  of 
HUVECs  and  CM-Dil  labeled  MSCs  were  seeded  onto  the  adipocyte/vascular  sup- 
port co-cultures.  Significant  numbers  of  perivascular  cells  were  attracted  to  co-align 
with  vascular  structures.  Figure  4.8  depicts  the  organization  of  these  MSCs  on  day  1 1 
following  their  seeding.  The  majority  of  these  cells  are  in  close  proximity  to  vascular 
components  even  though  both  vascular  and  adipose  cells  express  basement  mem- 
branes as  depicted  by  the  localization  of  the  heparan  sulfate  proteoglycan  perlecan. 

As  indicated  above,  it  is  feasible  to  fabricate  a  tissue  that  contains  multiple  popu- 
lations of  cells.  These  cells  possess  the  inherent  ability  to  sort  and  organize  so  as  to 
produce  a  defined  pattern  that  resembles  native  tissue. 


4.5    Adipocyte  Avascular  Complex 

The  physical  interaction  between  vascular  structures  and  adipocytes  is  not  well 
appreciated  when  standard  immunostaining  for  CD31  (Fig.  4.8)  is  employed. 
However,  when  co-cultures  are  immunostained  for  type  IV  collagen,  perlecan 
(Figs.  4.8,  4.9,  and  4.10),  or  laminin,  the  integration  of  basement  membranes 
becomes  apparent.  As  demonstrated  above,  two  sets  of  basement  membranes  are 
formed  separately;  the  first  by  adipocytes  and  the  second  by  the  interaction  of 
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Fig.  4.8  Introduction  of  perivascular  cells.  CM-Dil-labeled  MSCs  were  mixed  with  unlabeled 
HUVECs  and  the  mixture  was  seeded  onto  co-cultures  of  adipocytes  and  vascular  support  cells.  At 
day  12  post-seeding,  live  cultures  were  immunostained  with  an  antibody  for  CD31  and  an  antibody 
for  the  heparan  sulfate  proteoglycan  perlecan.  Arrows  indicate  the  location  of  adipocytes,  which 
are  surrounded  by  a  basement  membrane  that  contains  perlecan.  Arrowheads  indicate  the  perivas- 
cular location  of  MSCs.  Bars  =  500  um 


HUVECs  with  vascular  support  cells.  The  close  proximity  between  these  two  sets 
of  cells  facilitates  the  development  of  a  physically  integrated  complex  that  can  be 
visualized  in  whole  cultures  and  in  sections  of  these  cultures. 

The  basement  membrane  is  a  complex  structure,  consisting  of  major  components 
such  as  laminins,  type  IV  collagen,  entactin/nidogen,  and  perlecan  (Iozzo  2005). 
Immunohistochemical  staining  has  demonstrated  the  presence  of  type  IV  collagen, 
laminin,  and  perlecan  in  the  basement  membranes  that  surround  both  vascular  struc- 
tures and  adipose  cells  (Sorrell  et  al.  201 1).  Perlecan  contains  five  structural  domains 
each  of  which  mediate  interactions  with  other  matrix  molecules  and  with  bioactive 
factors  (Iozzo  2005;  Bix  and  Iozzo  2008).  The  N-terminal  domain  contains  binding 
sites  for  heparan  sulfate  glycosaminoglycan  chains  and  the  C-terminal  domain  con- 
tains binding  sites  for  chondroitin  sulfate  glycosaminoglycan  chains.  Heparan  sul- 
fate chains  play  an  important  role  in  angiogenesis  through  their  interaction  with 
heparin-binding  bioactive  factors.  A  partial  list  of  heparin-binding  angiogenic  fac- 
tors is  presented  in  Table  4.1. 
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Fig.  4.9  Vascular/adipocyte  complex  I.  A  merged  image  of  the  day  1 1  co-culture  immunostained 
for  type  IV  collagen  (green)  and  HUVECs  (red)  has  been  recolored  to  highlight  the  interactions 
between  basement  membranes  of  the  vasculature  and  adipocytes.  Bar =500  um.  Sorrell  et  al., 
Biomaterials  32:9667,  2011,  reproduced  with  permission  of  the  Publisher 


Fig.  4.10  Vascular/adipocyte  complex  II.  Sections  of  vascularized  adipocyte  co-cultures  are 
shown  at  a  lower  and  at  a  higher  magnification.  Sections  were  immunostained  for  type  IV  collagen. 
The  vasculature  contains  CM-Dil  HUVECs  (arrowhead)  and  adipocytes  are  indicated  by  an 
arrow.  Bars  =  200  and  100  um.  Sorrell  et  al.,  Biomaterials  32:9667,  201 1,  reproduced  with  permis- 
sion of  the  Publisher 
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Angiogenin 

Fibroblast  growth  factor-2  (also  other  FGF's 
bind  heparin  with  varying  affinities) 

Heparin-binding  epidermal  growth 
factor-like  growth  factor 

Hepatocyte  growth  factor/scatter  factor 

Human  apo-lactoferrin 

Insulin-like  growth  factor  binding  proteins 

Interleukin-la 

Interleukin-ip 

Interleukin-8 

Placental  growth  factor 

Platelet-derived  growth  factors 

Stromal  cell-derived  factor- 1 

Tissue  factor 

Transforming  growth  factor-  pi 

Tumor  necrosis  factor-  a 

Vascular  endothelial  growth  factor-A 

(145-,  165-,  and  189  isoforms)  

List  modified  from  Norrby  (2006) 


4.6    Adipose/Vascular  Complex  Following  Implantation 

In  vitro  cultures  are  useful  tools  for  developing  an  understanding  of  biological 
dynamics;  however,  determining  the  fate  of  such  cultures  in  an  in  vivo  setting  is 
equally  important.  Consequently,  vascularized  adipose  tissue  co-cultures  were 
implanted  into  SCID  mice.  Individual  cultures  were  too  thin  for  proper  handling. 
Therefore,  cultures  were  gently  detached  from  the  culture  dish  to  allow  for  contrac- 
tion and  two  contracted  co-cultures  were  stacked  so  that  the  upper  surfaces  out- 
wards (Fig.  4.11).  The  stacked  cultures  continued  to  float  in  the  medium,  and  after 
5  days  they  had  fused  into  a  single  entity  that  possessed  sufficient  bulk  for  handling 
purposes.  Table  4.2  summarizes  the  steps  and  time- sequences  involved  in  the  devel- 
opment of  these  structures.  Histological  assessment  revealed  clusters  of  vascular- 
ized adipocytes  in  a  connective  tissue  matrix  (Figs.  4.12  and  4.13). 

Following  1  week  of  subcutaneous  implantation,  host  vasculature  invested 
implants  (Fig.  4.14).  Immunohistological  analyses  of  implants  indicate  the  presence 
of  mouse  vasculature  within  the  implant  (Fig.  4.15).  Both  mouse  and  human  vascu- 
latures were  identified  using  species-specific  antibodies  for  CD31.  Both  sets  of  vas- 
culatures within  the  implant  were  surrounded  by  basement  membranes  (Fig.  4.15). 
The  vascular/adipocyte  complex  seen  in  culture  appears  to  remain  intact. 


Table  4.1  A  partial  list  of 
heparin-binding  angiogenic 
bioactive  factors 
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1  mm 


Fig.  4.11  Production  of  an  implantable  tissue.  Co-cultures  set  up  in  35-mm  dishes  were  detached 
and  allowed  to  contract,  (a)  Two  cultures  were  stacked  so  that  the  upper  surfaces  faced  outwards 
(b).  (c)  The  stacked  structures  were  cultured  for  4-5  days  to  allow  for  fusion  of  the  two  layers. 
Bar=  1  mm.  Sorrell  et  al.,  Biomaterials  32:9667, 201 1,  reproduced  with  permission  of  the  Publisher 


Table  4.2  Summary:  preparation  of  a  pre- vascularized  adipose  tissue 


1.  Create  dense  ASC  fibroblasts  cultured  in  EGM-2  MV  medium +ascorbate 

1  week 

2.  Treat  with  AIM  to  induce  adipocytes 

2  weeks 

3.  Seed  with  vascular  support  cells  (dermal  fibroblasts,  ASCs,  MSCs)  culture 

1  week 

in  DMEM  +  ascorbate 

4.  Seed  with  HUVEC-MSC  mixture,  culture  in  Bishop's  medium 

10-14  days 

(Bishop  et  al.  1999) 

5.  Seed  with  dermal  fibroblasts  culture  in  Bishop's  medium  (Bishop  et  al.  1999) 

1  week 

6.  Detach  from  culture  dish  and  allow  to  contract 

Overnight 

7.  Stack  two  constructs  and  allow  to  fuse  in  culture 

1-2  days 

8.  Implants  ready  for  histological  analyses  or  for  engraftment 

Sorrell  et  al.,  Biomaterials  32:9667,  2011,  reproduced  with  permission  of  the  Publisher 


4.7  Summary/Conclusions/Perspectives 

Adipose  tissue  is  a  complex  mixture  of  multiple  cell  types;  however,  the  two  most 
important  elements  are  the  vasculature  and  adipocytes.  These  two  components 
initiate  adipose  tissue  development  (Napolitano  1963;  Hausman  et  al.  1991)  and 
functionally  interact  in  mature  adipose  tissues  (Fukumura  et  al.  2003;  Armani 
et  al.  2010;  Cao  2010;  Christiaens  and  Lijnen  2010).  Both  of  these  cellular 
components  independently  produce  basement  membranes  that  are  critical  for 
capturing,  protecting,  and  storing  multiple  bioactive  factors  (Bix  and  Iozzo  2008). 
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Fig.  4.12  Histological  structure  of  the  implantable  tissue.  The  boxed  region  shows  a  cluster  of 
adipocytes  and  the  arrow  indicates  a  vascular  tubule  within  the  cluster.  At  higher  magnification, 
vascular  structures  are  indicated  (arrows).  Tissue  was  fixed  with  neutral  buffered  formalin  and 
sections  were  stained  with  hematoxilyn  and  eosin.  Bars  =  200  um;  100  um 


Fig.  4.13  Adipocyte  precursors.  Clusters  of  more  mature  adipocytes  also  contain  adipocyte  pre- 
cursor cells  (arrows)  Tissue  was  fixed  with  glutaraldehyde  and  osmium  tetroxide  and  sections 
were  stained  with  toluidine  blue.  Bar =50  um 


The  creation  of  a  co-culture  that  contains  both  adipogenic  cells  and  vascular  cells 
provides  a  platform  to  study  the  development  of  a  basement  membrane  network 
that  physically  integrates  adipocytes  and  vasculature  to  establish  an  adipocyte/ 
vascular  complex.  This  complex  is  stable  in  culture  over  a  period  of  weeks  and 
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Fig.  4.14  Implant  at  1  week,  (a)  Pre- vascularized  adipose  tissue  implanted  subcutaneously  in  a 
SCID  mouse  (work  performed  using  an  approved  IACUC  protocol  from  Case  Western  Reserve 
University)  is  shown  in  place  at  1  week  (b).  (c)  Upon  recovery  of  the  implant,  the  host  vasculature 
is  evident  (arrows).  Bars  =  1  mm 


remains  stable  following  implantation  (Sorrell  et  al.  2011).  This  has  important 
implications  for  future  studies  of  adipocyte  vascular  interactions. 

Basement  membranes  typically  form  at  intersections  between  mesenchymal  and 
epithelial  cells  (Iozzo  2005).  However,  in  special  situations,  basement  membrane 
formation  occurs  at  the  surfaces  of  mesenchymal  cells  that  are  not  in  direct  contact 
with  epithelial  cells.  Two  examples  of  this  are  in  adipose  tissue  and  in  cartilage 
(Nakajima  et  al.  1998,  2002;  Gomes  et  al.  2004;  Bix  and  Iozzo  2008).  In  both  of 
these  tissues,  basement  membrane  formation  acts  as  an  early  differentiation  event. 
Laminin  expression  initiates  basement  membrane  formation  by  adipocytic  cells 
(Hausman  et  al.  1991).  This  early  reliance  upon  laminin  expression  appears  to  be 
important  for  interactions  with  extracellular  matrix  and  other  cells  (Patrick  and  Wu 
2003).  This  means  that  the  early  expression  of  laminin  and  its  cognitive  receptors 
provides  a  means  to  detect  newly  differentiated  adipocytes  and  to  separate  these 
cells  from  non-differentiated  cells.  This  ability  to  segregate  newly  differentiated 
cells  could  then  be  adapted  for  the  production  of  tissue  engineered  adipose  tissues. 

Adipocytes  and  preadipocytes  release  multiple  angiogenic  factors  such  as  vascular 
endothelial  growth  factor- A,  placental  growth  factor,  fibroblast  growth  factor-2,  and 
hepatocyte  growth  factor  that  are  all  heparin-binding  bioactive  factors  (Cao  2010). 
Heparan  sulfate  in  basement  membranes  are  attached  to  three  heparan  sulfate  pro- 
teoglycans, perlecan,  type  XVIII  collagen,  and  agrin  (Iozzo  2005;  Kruegel  and 
Miosge  2010).  These  proteoglycans,  through  their  heparan  sulfate  chains,  are 
actively  pro-angiogenic  in  their  sequestration  and  protection  of  secreted  heparin- 
binding  angiogenic  factors  (Bix  and  Iozzo  2008;  Zoeller  et  al.  2009).  Heparin- 
binding  facilitates  the  establishment  of  gradients  that  are  critical  in  cellular  signaling. 
The  extracellular  enzyme  heparanase  is  an  endo-p-glucuronidase  that  plays  an 
important  role  in  the  establishment  of  gradients  by  promoting  the  release  bound 
bioactive  factors  (McKenzie  2007).  Consequently,  the  inhibition  of  this  enzyme 
profoundly  inhibits  angiogenesis.  Perlecan  is  the  most  prominent  of  the  basement 
membrane  proteoglycans.  It  consists  of  five  structural  domains,  each  of  which 
exhibits  interactions  with  other  matrix  molecules  and  with  multiple  bioactive  fac- 
tors (Bix  and  Iozzo  2008;  Melrose  et  al.  2008;  Friedl  2010).  This  proteoglycan  is  a 
component  of  the  basement  membrane  produced  by  adipocytes  as  well  as  by 
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Fig.  4.15  Vasculature  within  the  implant,  (a)  Sections  of  the  implant  were  immuno stained  using 
an  antibody  specific  for  mouse  CD3 1 .  The  host  vasculature  has  invaded  in  the  implant,  (b)  Sections 
of  the  implant  were  immunostained  using  an  antibody  specific  for  human  type  IV  collagen. 
Adipocyte  clusters  were  immunostained  (arrowhead).  Both  human  and  mouse  vasculatures  were 
surrounded  by  human  type  IV  collagen  (arrows).  Bars  =  200  um 

interaction  of  vascular  endothelial  cells  and  fibroblasts.  In  addition,  to  heparin- 
binding,  perlecan  interacts  via  domain  II  with  connective  tissue  growth  factor,  an 
upstream  regulator  of  transforming  growth  factor-P  system  (Grotendorst  1997). 
Thus,  transforming  growth  factor  p-1,  while  it  does  not  bind  heparan  sulfate,  it 
is  still  regulated  by  perlecan.  This  factor  also  exerts  pro-angiogenic  characteristics 
(Hirschi  et  al.  1998).  Under  special  situations,  basement  membrane  proteoglycans 
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may  also  exert  anti-angiogenic  characteristics  (Bix  and  Iozzo  2008).  This  occurs 
when  the  C-terminal  domains  of  proteoglycans  perlecan  and  type  XVIII  collagen 
are  cleaved  by  proteinases.  These  actions  produces  soluble  molecules  endorepellin 
and  endostatin,  respectively.  Thus,  basement  membranes  are  important  not  only  for 
maintaining  physical  proximity  but  they  are  also  equally  important  for  the  regula- 
tion of  angiogenesis. 

Adipose  tissue  is  used  as  a  soft-tissue  filler  in  surgical  applications  (Patrick 
2000).  However,  adipocytes  are  highly  metabolic  cells  that  require  an  extensive 
vascular  network  to  provide  nutrients  (Verseijden  et  al.  2010).  A  failure  to  establish 
a  sufficient  vascular  supply  results  in  the  resorption  of  implanted  tissue.  Tissue 
engineered  adipose  tissue  is  subject  to  a  similar,  often  more  severe  level  of  resorp- 
tion, due  to  a  lack  of  a  vascular  network  (Borges  et  al.  2003;  Choi  et  al.  2010). 
Therefore,  the  development  of  a  pre-vascularized  adipose  tissue  presents  a  means  to 
ameliorate  tissue  resorption.  It  is  important  that  the  tissue  engineered  vasculature  be 
robust  and  stable  at  the  time  of  implantation.  Upon  implantation,  it  is  also  important 
that  host  vascular  ingrowth  occurs  quickly  and,  ideally,  anastomosis  of  host  and 
implant  vasculature  should  occur  quickly  to  provide  a  blood  supply  to  the  interior  of 
the  implant.  The  tissue  engineered,  pre-vascularized  adipose  tissue  described  here 
provides  a  model  to  study  these  issues. 

The  vasculature  of  adipose  tissue  has  been  proposed  as  a  target  for  the  control  of 
obesity  (Cao  2010).  In  the  absence  of  a  robust  vascular  supply,  adipose  tissue 
regresses.  Therefore,  developing  a  better  understanding  of  the  communication  net- 
work between  adipocytes  and  vasculature  is  important.  Understanding  the  role  of 
the  basement  membrane  in  creating  an  adipose/vascular  complex  and  in  directing 
intercellular  communication  is  a  critical  component  in  this  process. 
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Adipose  Vasculature 


Chapter  5 

Blood  Vessels  in  White  and  Brown 
Adipose  Tissues 

Sharon  Lim,  Jennifer  Honek,  and  Yihai  Cao 


Abstract  The  adipose  tissue  is  composed  of  two  major  subtypes,  white  adipose 
tissue  (WAT)  and  brown  adipose  tissue  (BAT).  While  WAT  mainly  stores  excess 
energy  in,  BAT  plays  a  role  in  burning  energy  and  generating  heat  in  a  process 
known  as  non-shivering  thermogenesis  involving  uncoupling  protein- 1  (UCP-1). 
Apart  from  its  role  in  energy  homeostasis,  adipose  tissue  also  exerts  an  endocrine 
function  secreting  a  number  of  hormones  and  factors.  Among  those  are  pro-  and 
anti-angiogenic  factors  involved  in  vascular  remodeling.  The  vasculature  plays  a 
major  role  in  the  adipose  tissue  and  both  WAT  and  BAT  are  highly  vascularized. 

Keywords  Adipokines  •  Brown  adipose  tissue  •  White  adipose  tissue  •  Inflammatory 
cells  •  Anti-angiogenic  factors  •  Pro-angiogenic  factors  •  Vascular  plasticity 


5.1    Structures  and  Vascular  Density  in  White  Adipose  Tissue 
and  Brown  Adipose  Tissue 

Adipose  tissue  is  highly  dynamic  and  has  multifunctional  roles  in  the  body.  Adipose 
tissue  can  be  categorized  into  white  adipose  tissue  (WAT)  and  brown  adipose  tissue 
(BAT).  WAT,  the  most  commonly  known  adipose  tissue,  provides  insulation, 
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cushions  as  fat  pad  around  organs  providing  mechanical  protection,  and  stores  excess 
food  consumed  as  energy  in  the  form  of  triglyceride  in  a  unilocular  lipid  droplet. 

5.1.1  Structures  and  Functions  of  WAT 

In  the  WAT,  the  large  unilocular  lipid  droplet  occupies  most  of  the  volume  of  the  cell 
which  pushes  the  cytoplasm  and  nucleus  to  the  edge  of  the  cell  against  the  plasma 
membrane.  The  plasma  membrane  has  many  receptors  essential  for  mediating  sev- 
eral cytokines  and  signaling  molecules.  The  adipocyte  in  WAT  is  about  60-130  um 
in  diameter.  The  large  lipid  droplet  does  not  appear  to  contain  intracellular  organ- 
elles. As  storage  for  fuel,  WAT  has  to  respond  efficiently  to  the  body's  nutritional 
and  energy  status.  When  other  tissues  in  the  body  are  in  demand  of  energy,  triglyc- 
eride reserves  stored  in  the  unilocular  lipid  droplet  in  WAT  are  broken  down  into 
energy-rich  fatty  acids  and  glycerol  (Fig.  5.1).  The  storage  and  utilization  of  surplus 
energy  are  tightly  regulated  by  insulin,  catecholamines,  and  leptin  (Lafontan  and 
Langin  2009).  Apart  from  adipocytes,  the  adipose  tissue  consists  of  non-adipocyte 
structures  including  the  stromal  vascular  cells,  fibroblastic  connective  tissues,  infil- 
trating inflammatory  cells  (leukocytes,  monocytes,  macrophages),  mast  cells,  pre- 
adipocytes,  pericytes  (PCs),  endothelial  cells  (ECs),  and  stem  cells.  Preadipocytes 
originate  from  multipotent  stem  cells  of  the  mesodermal  origin  which  are  capable  of 
differentiating  into  mature  adipocytes  (Ouchi  et  al.  2010;  Ohashi  et  al.  2010). 

5.1.1.1    Distribution  of  WAT 

The  distribution  of  WAT  in  the  adult  body  varies  depending  on  sex  and  age.  There 
are  two  major  types  of  WAT,  the  visceral  fat  which  accumulates  around  the  abdomi- 
nal cavity  and  mediastinum,  and  the  subcutaneous  fat  which  accumulates  under  the 
skin.  In  general,  adult  men  tend  to  accumulate  visceral  or  abdominal  fat  around  the 
waist,  and  women  tend  to  accumulate  subcutaneous  fat  around  the  hips.  Excess 
accumulation  of  visceral  fat  around  the  abdomen  has  strong  positive  correlation 
with  obesity  and  obesity-related  metabolic  disorders  including  cardiovascular  dis- 
ease, type  2  diabetes,  insulin  resistance,  and  inflammatory  diseases  (Gerstein  et  al. 
2006).  WAT  is  not  merely  a  depot  for  energy  storage,  it  is  also  critical  in  modulating 
lipid  and  glucose  metabolism.  WAT  secretes  several  hormones  and  cytokines — 
known  as  adipokines  that  have  paracrine  or  endocrine  effects  in  the  body.  Visceral 
fat  produces  more  pro-inflammatory  cytokines  while  subcutaneous  fat  produces 
cytokines  such  as  leptin  and  adiponectin  (Wronska  and  Kmiec  2012). 

5.1.2  Structures  and  Function  of  BAT 

The  primary  function  of  WAT  is  to  store  energy.  In  contrast,  the  main  functional  role 
of  BAT  is  thermogenesis.  BAT  derives  its  name  from  the  rich  vascularized  blood 
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Fig.  5.1  White  and  brown  adipose  tissues.  Adipose  tissue  can  be  categorized  into  white  adipose 
tissue  (WAT)  and  brown  adipose  tissue  (BAT).  WAT  being  metabolically  less  active  has  a  low  ves- 
sel density.  WAT  mainly  stores  energy  in  the  form  of  triglyceride  in  a  unilocular  lipid  droplet.  BAT 
being  highly  metabolically  active  contains  higher  blood  vessel  density.  Adipocytes  {green  signals), 
stained  by  anti-perilipin  antibody,  are  encircled  by  blood  vessels  (red  signals)  stained  by  endothe- 
lial marker  CD3 1  antibody 


vessels  and  highly  dense  number  of  mitochondria,  is  multilocular,  and  has  a  higher 
metabolism  than  the  WAT  due  to  the  high  number  of  mitochondria.  The  BAT  con- 
sists of  a  round  nucleus,  granular  cytoplasm  which  contains  several  small  vacuoles 
of  fat  droplets  with  mitochondria  localized  adjacent  to  these  multilocular  fat  drop- 
lets (Fig.  5.1).  The  adipocyte  in  the  BAT  is  approximately  25-40  urn  in  diameter. 
BAT  is  essential  in  non-shivering  thermogenesis  (NST)  in  mammals,  newborn 
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humans,  and  infants.  BAT  burns  extra  energy  and  dissipates  heat  through  a  specific 
mitochondrial  protein,  uncoupling  protein- 1  (UCP-1),  that  transfers  protons  from 
the  outer  mitochondrial  membrane  to  the  inner  mitochondrial  membrane  without 
production  of  adenosine  triphosphate  (ATP).  When  small  animals  such  as  rodents 
are  chronically  exposed  to  cold,  the  BAT  depot  enlarges  and  the  synthesis  of  UCP-1 
protein  in  the  mitochondria  and  the  activity  in  the  BAT  depot  increase. 

5.1.2.1    Distribution  of  BAT 

It  is  a  generally  accepted  dogma  that  BAT  involutes  postnatally  and  the  adult  human 
does  not  possess  any  BAT.  The  discovery  of  the  presence  of  active  and  functional 
BAT  in  adult  humans  in  the  recent  years  has  revivified  immense  research  in  the  area 
to  use  BAT  as  a  therapeutic  target  for  combating  metabolic  diseases  including  obe- 
sity and  type  2  diabetes  (Himms-Hagen  et  al.  1994;  Howe  et  al.  1992).  In  1979, 
Rothwell  and  Stock  demonstrated  the  presence  of  functional  BAT  in  adult  human 
using  infrared  thermography.  BAT  can  be  found  in  the  neck,  supraclavicular  area, 
mediastinum,  and  paravertebral  intercostal  spaces  in  adult  humans.  However,  in 
some  occasional  cases,  minor  quantities  of  BAT  depots  can  be  located  in  the  poste- 
rior neck,  left  paratracheal  area,  axillae,  perirenal  area,  and  retrocrural  area  (Joshi 
and  Lele  2012).  After  30  years,  in  2009,  three  independent  research  groups  further 
demonstrated  using  [18]F-fluorodeoxyglucose  ([18]F-FDG)  positron  emission 
tomographic  and  computed  tomographic  (PET-CT)  scans  that  adult  humans  possess 
substantial  depots  of  BAT,  and  that  the  amount  and  activity  of  BAT  decline  with  age 
and  obesity  (or  increasing  BMI).  Activation  of  BAT  activity  via  cold  exposure  in 
small  animals  such  as  rodents  has  been  reported  by  several  groups  (Cypess  et  al. 
2009;  Xue  et  al.  2009).  Ouellet  et  al.  have  recently  demonstrated  that  the  activity 
and  energy  expenditure  in  BAT  in  adult  humans  can  be  stimulated  by  cold  exposure 
(Ouellet  et  al.  2012).  The  notion  that  human  adults  possess  metabolically  active 
BAT  has  potentially  led  to  a  paradigm  shift  and  hence  opens  new  therapeutic  inter- 
ventions for  the  treatment  of  obesity  and  obesity-related  disorders. 


5.1.3    Vascular  Density  in  WAT  and  BAT 

Similar  to  other  tissues  in  the  body,  the  growth,  expansion,  and  repair  of  adipose 
tissue  are  highly  dependent  on  blood  vessels  to  supply  adipocytes  with  nutrients, 
oxygen,  growth  factors,  cytokines,  and  the  removal  of  waste  products.  Although 
WAT  is  not  as  highly  vascularized  as  BAT,  each  adipocyte  in  the  WAT  is  still  in 
close  proximity  with  at  least  one  capillary  which  provides  adequate  blood  supply  to 
sustain  adipocyte  function  (Silha  et  al.  2005).  It  is  therefore  not  surprising  that  the 
highly  metabolically  active  BAT  contains  a  significantly  higher  number  of  capillary 
vessels  per  adipocyte  than  WAT,  to  meet  the  high  demand  of  oxygen,  nutrients,  and 
the  removal  of  metabolic  waste  products  (Fig.  5.1). 
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5.1.3.1    Development  of  Adipose  Tissue  Vasculature 

The  development  of  fetal  adipocytes  is  spatially  and  temporally  coupled  to  capillary 
development  (Crandall  et  al.  1977).  It  has  been  demonstrated  that  arteriolar  differ- 
entiation occurs  before  adipocyte  development  followed  by  differentiation  of  blood 
vessel  extracellular  matrix  (ECM)  and  eventually  adipocytes'  ECM  differentiation. 
During  adipogenesis,  the  regulation  of  blood  vessels  could  potentially  increase  or 
decrease  preadipocyte  proliferation  and  migration  (Hausman  et  al.  1996).  Crandall 
et  al.  described  the  paracrine  interaction  between  ECs  and  preadipocytes,  where 
production  and  secretion  of  plasminogen  activator  inhibitor- 1  (PAI-1)  human  pre- 
adipocytes regulate  preadipocyte  and  EC  migration  (Crandall  et  al.  2000a,  b). 
Expansion  of  WAT  occurs  rapidly  after  birth  by  increase  in  adipocyte  size  as  well  as 
increase  in  the  number  of  adipocytes.  Angiogenesis  in  the  adipose  tissue  is  a  crucial 
process  and  it  has  been  shown  to  be  essential  in  modulating  adipogenesis  and  obe- 
sity (Lijnen  2008;  Cao  2007).  The  vascular  density  in  WAT  has  been  described  to  be 
positively  correlated  with  weight  and  body  mass  index  (BMI).  WAT  has  been  dem- 
onstrated to  be  able  to  transform  into  brown-like  phenotype  (BRITE)  upon  chronic 
exposure  to  cold  in  rodents  (Xue  et  al.  2009).  The  transition  of  WAT  to  acquire 
BRITE  phenotype  is  accompanied  by  an  angiogenic  switch  which  increased  the 
vascular  density  in  the  BRITE. 


5.2    Vascular  Function  in  BAT  and  WAT 


The  adipose  blood  vasculature  is  vital  in  providing  sufficient  oxygen  and  nutrients 
to  the  adipocytes,  and  to  drain  metabolic  waste  products  from  the  adipocytes  to 
modulate  growth,  repair,  and  maintenance  of  the  adipose  tissue.  The  density  of 
blood  vessels  in  the  adipose  tissue  is  dependent  on  its  metabolic  status,  for 
instance,  the  BAT,  being  highly  metabolically  active,  demands  greater  supply  of 
blood  to  provide  oxygen  and  nutrients  and  to  dissipate  heat  as  its  metabolic  waste 
product  (Fig.  5.2).  Blood  vessels  also  provide  adipocytes  with  growth  factors  and 
cytokines  that  play  important  roles  in  the  regulation  of  cell  proliferation  and  inter- 
cellular functions  (Cao  2007).  The  adipose  vasculature  serves  as  a  great  reservoir 
of  circulating  bone  marrow-derived  mesenchymal  stem  cells  and  inflammatory 
cells  including  monocytes  and  neutrophils  to  the  adipocytes  to  maintain  the 
homeostasis  in  adipose  tissue.  Infiltration  of  inflammatory  cells  is  a  common  phe- 
nomenon observed  in  obese  individuals.  Circulating  stem  cells  can  be  differenti- 
ated into  preadipocytes  and  adipocytes.  Adipose  tissue  being  an  endocrine  organ 
secretes  several  adipokines,  which  in  turn  mediate  reciprocal  cross  talk  between 
adipocytes  and  ECs  to  stimulate  growth  and  expansion  of  adipocytes  and  induce 
angiogenesis. 
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Slromal  cell 


Fig.  5.2  Vascular  functions  in  white  and  brown  adipose  tissues.  Blood  vessels  in  adipose  tissue 
are  crucial  in  supplying  oxygen,  nutrients,  growth  factors,  cytokines,  inflammatory  cells,  and  mes- 
enchymal stem  cells  to  maintain  the  homeostasis  in  adipose  tissue.  Blood  vessels  serve  as  a  niche 
for  circulating  stem  cells  which  can  be  differentiated  into  preadipocytes  and  adipocytes.  These 
adipocytes  and  non-adipocyte  structures  secrete  a  myriad  of  adipokines  mediating  reciprocal  cross 
talk  between  adipocytes  and  endothelial  cells  to  stimulate  growth  and  expansion  of  adipocytes  and 
induce  angiogenesis 


5.2.1    Adipose  Vasculature  and  Adipose-Derived  Stem  Cells 

Adipose  blood  vasculature  serves  as  a  niche  to  provide  adipose  tissue  with  progeni- 
tor cells  and  signals  for  adipocyte  development.  The  progenitor  cells  have  been 
described  to  reside  in  the  adipose  stromal  vascular  fraction  (SVF).  These  adipose- 
derived  stem  cells  (ADSCs)  are  biologically  similar  to  mesenchymal  stem  cells 
derived  from  the  bone  marrow,  and  have  the  ability  to  differentiate  into  cells  of 
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several  lineages  including  adipocytes,  osteoblasts,  chondrocytes,  myocytes,  ECs, 
hematopoietic  cells,  hepatocytes,  and  neuronal  cells  (Zuk  2001;  Zuk  et  al.  2001; 
Gimble  et  al.  2007;  Planat-Benard  et  al.  2004).  Adult  mesenchymal  stem  cells  give 
rise  to  a  myriad  of  cell  types  under  regulation  of  different  growth  factors.  Several 
groups  have  described  the  differentiation  of  ADSCs  into  adipocytes  in  vitro.  Under 
the  induction  with  insulin,  methyisobutylxanthine,  hydrocortisone  or  dexametha- 
sone,  and  indomethacin  and  thiazolidinedione,  proliferating  ADSCs  can  be  differ- 
entiated into  preadipocytes  which  further  proliferate  at  the  site  of  adipogenesis. 
Adipogenesis  is  a  well-characterized  process  and  follows  a  temporal  sequence 
which  has  been  shown  to  be  highly  sensitive  to  insulin  (Rosen  and  Spiegelman 
2006,  2000).  On  the  contrary,  brown  adipocytes  could  derive  from  different  origins 
and  it  has  been  shown  that  bone  morphogenetic  protein  7  (BMP7)  triggers  commit- 
ment of  murine  mesenchymal  progenitor  cells  to  brown  adipocyte  lineage  in  vitro 
and  in  vivo.  Both  peroxisome  proliferator- activated  receptor  gamma  (PPAR-y) 
coactivator  1 -alpha  (PGCl-oc)  and  -beta  (PGC1-P)  have  been  demonstrated  to  play 
crucial  roles  in  the  formation  of  brown  adipocytes.  PR  domain  containing  16 
(PRDM16),  a  zinc-finger  protein,  has  been  described  to  control  brown  fat  determi- 
nation via  induction  of  PGCl-a,  UCP-1,  and  type  2  iodothyronine  deiodinase  genes 
(Seale  et  al.  2008;  Uldry  et  al.  2006).  However,  the  expression  of  PRDM16  has 
recently  been  demonstrated  to  be  expressed  in  white  adipocyte  progenitors  and 
macrophages  isolated  from  WAT  of  adult  humans  (Seale  et  al.  201 1). 


5.2.2    Infiltrating  Inflammatory  Cells  and  Obesity 

Obesity  and  obesity-related  metabolic  disorders  have  potentially  become  a  threat  to 
the  modern  society.  According  to  the  World  Health  Organization,  there  are  approxi- 
mately one  billion  overweight  adults  and  at  least  300  million  of  these  individuals  are 
obese  (Cao  2010).  Obesity  is  caused  by  excessive  accumulation  of  adipose  tissue  in 
the  body.  Obesity  due  to  visceral  fat  accumulation  in  the  abdomen  triggers  inflam- 
matory cascades  which  lead  to  infiltration  of  immune  cells  including  macrophages, 
lymphocytes,  and  natural  killer  cells.  Adipose  tissue  is  an  essential  endocrine  organ 
that  secretes  a  myriad  of  adipokines  crucial  in  mediating  processes  important  in 
inflammation,  metabolism,  and  tissue  remodeling.  The  serum  level  and  adipose  tis- 
sue of  individuals  have  elevated  circulating  inflammation  markers.  In  a  lean  indi- 
vidual, macrophages  comprise  up  to  5-10  %  of  the  cell  population,  whereas  in 
obese  individuals,  the  percentage  of  macrophages  is  significantly  increased  to  40  % 
(Weisberg  et  al.  2003).  Obesity  is  considered  a  low  grade  chronic  inflammation  due 
to  the  vicious  cycle  between  adipocytes  and  macrophages.  The  infiltrated  macro- 
phages secrete  inflammatory  cytokines  which  further  propagate  the  inflammatory 
cascades  (Suganami  et  al.  2005).  Accumulation  of  macrophages  in  obese  patients 
not  only  causes  chronic  inflammation  but  also  causes  insulin  insensitivity  and  meta- 
bolic abnormalities  (Vachharajani  and  Granger  2009).  Macrophages  can  be  catego- 
rized into  two  subpopulations,  the  Ml  macrophages  being  pro-inflammatory  and 
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the  M2  macrophages  being  anti-inflammatory.  In  adipose  tissue  of  obese  individu- 
als, there  is  a  tendency  of  Ml  macrophage  accumulation  and  M2  macrophage  sup- 
pression. It  has  been  described  by  Nishimura  et  al.  that  obese  adipose  tissue  contains 
higher  number  of  T  cells.  The  population  cytotoxic  of  CD8+  T  cells  increases  with 
progressive  obesity  while  the  CD4+  regulatory  T  cell  decreases.  Infiltration  of  cyto- 
toxic CD8+  T  cells  in  obese  individuals  could  contribute  to  recruitment,  differentia- 
tion, and  activation  of  macrophages.  The  accumulation  of  CD8+  T  cells  precedes  the 
accumulation  of  macrophages  suggesting  that  CD8+  T  cells  initiate  the  inflamma- 
tory cascades  in  the  adipose  tissue  (Nishimura  et  al.  2009;  Feuerer  et  al.  2009; 
Winer  et  al.  2009).  Despite  the  immense  research  on  increased  inflammation  in 
obese  individuals,  the  use  of  anti-inflammatory  drugs  in  the  treatment  of  obesity 
warrants  further  investigations. 


5.3    Angiogenic  Factors  and  Adipokines  in  WAT  and  BAT 

In  the  adipose  tissue — both  in  BAT  and  in  WAT — a  myriad  of  angiogenic  factors 
and  adipokines  is  expressed.  These  factors  are  involved  in  processes  such  as  blood 
vessel  formation  and  vascular  remodeling,  recruitment  of  inflammatory  cells,  meta- 
bolic processes  such  as  lipolysis,  and  in  insulin  sensitivity. 


5.3.1    Angiogenic  Factors  in  WAT  and  BAT 

Blood  vessel  formation  in  the  adipose  tissue  is  regulated  by  a  balance  between  pro- 
and  anti-angiogenic  factors  that  are  partly  expressed  in  the  adipose  tissue.  Some  of 
the  angiogenic  regulators  are  adipokines  and  will  be  described  more  thoroughly  in 
Sect.  5.3.2.  The  tight  regulation  of  the  angiogenic  process  determined  by  the  inter- 
play between  pro-  and  anti-angiogenic  factors  is  crucial  in  adipose  tissue  growth 
and  regression  and  thereby  plays  a  role  in  many  physiological  as  well  as  pathologi- 
cal processes  (Cao  2007,  2010). 

5.3.1.1    Vascular  Endothelial  Growth  Factor 

Vascular  endothelial  growth  factor  (VEGF)  is  a  potent  angiogenic  factor  which 
induces  the  sprouting  of  new  vessels  from  preexisting  ones.  It  promotes  EC 
proliferation  and  migration  as  well  as  survival  (Hausman  and  Richardson 
2004).  Interestingly,  VEGF  expression  is  higher  in  BAT  compared  to  WAT 
which  is  reflected  in  a  higher  vascular  density  in  BAT.  Expression  of  VEGF  in 
BAT  can  further  be  elevated  by  cold  exposure  (Hausman  and  Richardson  2004; 
Asano  et  al.  1999,  1997).  Xue  et  al.  have  also  found  an  increase  in  VEGF 
expression  in  subcutaneous  WAT  of  cold-exposed  mice  which  correlated  with 
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an  angiogenic  switch  in  this  tissue  and  a  transformation  of  white  to  BRITE 
adipocytes  (Xue  et  al.  2009). 

5.3.1.2  Angiopoietin 

Angiopoietin  (Ang)-l  and  -2  play  a  role  in  vascular  remodeling.  They  regulate  ves- 
sel maturation  and  stabilization  (Xue  et  al.  2008;  Yancopoulos  et  al.  2000).  There  is 
evidence  that  Ang-1  functions  to  stabilize  blood  vessels  whereas  Ang-2  has  a  desta- 
bilizing effect  on  the  vasculature  (Hausman  and  Richardson  2004).  Angiopoietin-2 
expression  in  the  adipose  tissue  can  be  induced  by  leptin  (Cohen  et  al.  2001). 

5.3.1.3  Other  Angiogenic  Factors  in  the  Adipose  Tissue 

Apart  from  VEGF  and  Ang-1  and  -2,  there  are  a  number  of  other  pro-  and  anti- 
angiogenic  factors  that  are  present  in  the  adipose  tissue.  Basic  fibroblast  growth 
factor  (bFGF)  and  hepatocyte  growth  factor  (HGF)  are  potent  angiogenesis  stimula- 
tors (Bell  et  al.  2008;  Yamashita  et  al.  1994).  Similar  to  VEGF,  expression  levels  of 
bFGF  are  elevated  under  cold  exposure  and  might  contribute  to  an  increase  of  the 
amount  of  BAT  (Yamashita  et  al.  1994). 

On  the  other  hand,  thrombospondin  (TSP)  and  VEGF  receptor-2  exert  angiogen- 
esis inhibiting  functions  (Cao  2007). 

5.3.2    Adipokines  in  WAT  and  BAT 

As  mentioned  in  previous  sections  of  this  chapter,  there  are  two  types  of  adipose 
tissues.  WAT  that  primarily  stores  energy  in  the  form  of  triglycerides  and  BAT 
which  is  metabolically  active  and  dissipates  energy  and  produces  heat  through  a 
process  termed  NST  (Cannon  and  Nedergaard  2004;  Tray  hum  and  Beattie  2001). 
Besides  these  functions,  however,  adipose  tissue  also  plays  an  important  role  as  an 
endocrine  organ.  Around  50  years  ago,  it  was  first  hypothesized  that  a  circulating 
factor  exists  that  regulates  energy  expenditure  and  appetite  by  acting  in  the  central 
nervous  system  in  a  negative  feedback  loop  (Galic  et  al.  2010;  Kennedy  1953). 
Only  in  1994,  Zhang  et  al.  could  identify  this  circulating  factor  as  the  16  kDa  pep- 
tide hormone  leptin  (Galic  et  al.  2010;  Zhang  et  al.  1994).  Soon  after  this  discovery, 
a  number  of  other  factors  produced  and  secreted  by  the  adipose  tissue  were  identi- 
fied. These  factors — named  adipokines  or  adipocytokines — are  produced  by  differ- 
ent cell  types  within  the  adipose  tissue  and  include  metabolic  regulators,  angiogenic 
factors,  as  well  as  inflammatory  cytokines  and  exert  their  functions  in  a  paracrine, 
autocrine,  or  even  systemic  manner  (Trayhurn  and  Beattie  2001;  Galic  et  al.  2010; 
Waki  and  Tontonoz  2007;  Bozaoglu  et  al.  2010;  Mu  et  al.  2006;  Vona-Davis  and 
Rose  2007). 
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5.3.2.1  Leptin 

The  most  studied  adipokine  is  the  peptide  hormone  leptin  (MacDougald  and  Burant 
2007).  Leptin  acts  centrally  via  the  hypothalamus  to  regulate  food  intake  and  energy 
expenditure  but  also  on  peripheral  organs.  The  major  functions  of  the  16-kDa  hor- 
mone are  mediation  of  satiety,  stimulation  of  lipolysis,  and  suppression  of  lipogene- 
sis  (Ronti  et  al.  2006).  The  hormone  has  been  discovered  using  positional  cloning  of 
the  ob/ob  mouse  to  identify  the  underlying  mutant  gene  that  causes  the  obese  pheno- 
type  of  this  model  organism  (Tray hum  and  Beattie  2001;  Galic  et  al.  2010;  Zhang 
et  al.  1994).  As  evident  in  the  ob/ob  mouse,  a  deficiency  of  functional  leptin  leads  to 
the  development  of  early-onset  obesity.  Several  studies  have  shown  that  treatment  of 
this  genetically  modified  mouse  strain  by  daily  injections  of  leptin  decreases  food 
intake  and  normalizes  body  weight  (Galic  et  al.  2010;  Campfield  et  al.  1995;  Halaas 
et  al.  1995).  Synthesis  of  the  leptin  hormone  occurs  both  in  WAT  and  in  BAT  but  also 
in  several  other  organs  (Trayhurn  and  Beattie  2001).  However,  leptin  expression  in 
BAT  only  occurs  in  inactive  tissue  (Cannon  and  Nedergaard  2004).  Interestingly,  in 
humans,  plasma  levels  of  circulating  leptin  correlate  with  body  fat  mass  and  weight 
gain.  This  phenomenon  can  be  explained  by  the  fact  that  in  obese  individuals  the 
average  fat  cell  size  is  2-4  times  enlarged  compared  to  lean  individuals  and  it  has 
been  shown  that  the  amount  of  leptin  secretion  increases  with  adipocyte  size  (Galic 
et  al.  2010;  Lonnqvist  et  al.  1997;  Fried  et  al.  2000;  Havel  et  al.  1996). 

Apart  from  its  metabolic  implications,  leptin  also  affects  angiogenesis  (Ronti 
et  al.  2006).  Both  in  vitro  and  in  vivo  studies  could  demonstrate  a  proliferative  effect 
of  leptin  on  ECs  via  activation  of  the  endothelial  leptin  receptor  (Ob-R)  (Bouloumie 
et  al.  1998;  Park  et  al.  2001).  Upon  leptin  treatment,  Bouloumie  et  al.  described 
enhanced  capillary  tube  formation  of  human  umbilical  vein  endothelial  cells 
(HUVEC)  as  well  as  neovascularization  in  an  in  vivo  model  (Bouloumie  et  al.  1998). 

5.3.2.2  Resistin 

Resistin  is  another  adipocytokine  produced  in  the  adipose  tissue.  It  is  secreted 
mainly  by  WAT  and  can  be  considered  WAT- specific  even  though  minor  amounts  of 
resistin  mRNA  have  been  detected  in  BAT  (Steppan  et  al.  2001).  In  diet-induced  as 
well  as  in  genetic  mouse  models  of  obesity  and  insulin  resistance,  resistin  levels  are 
elevated.  Indeed,  studies  have  shown  that  administration  of  resistin  can  induce  insu- 
lin resistance  whereas  neutralization  of  the  adipokine  improves  glucose  tolerance 
(Steppan  et  al.  2001).  In  humans,  however,  the  role  of  resistin  in  terms  of  insulin 
resistance  remains  to  be  elucidated  as  existing  studies  show  controversial  results 
(Ronti  et  al.  2006;  Wang  et  al.  2002;  Hotamisligil  2003;  Patel  et  al.  2003). 

In  humans,  resistin  expression  is  not  restricted  to  the  adipose  depots  but  has  also 
been  found  in  leukocytes,  macrophages,  bone  marrow,  and  spleen  (Jamaluddin  et  al. 
2012).  Similar  to  leptin,  resistin  is  also  associated  with  angiogenic  potential. 
Mu  et  al.  have  shown  that  human  recombinant  resistin  induces  EC  proliferation, 
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migration,  and  tube  formation  in  vitro  and  further  studies  are  available  suggesting 
an  angiogenic  effect  of  resistin  (Mu  et  al.  2006;  Robertson  et  al.  2009).  The 
angiogenesis-promoting  function  of  resistin  is  at  least  partly  mediated  by  the  up- 
regulation  of  pro-angiogenic  vascular  VEGF  receptor- 1  (VEGFR-1)  and  -2 
(VEGFR-2)  as  well  as  increase  in  the  mRNA  and  protein  levels  of  matrix  metallo- 
proteases  (MMP)  (Mu  et  al.  2006). 

5.3.2.3  Visfatin 

Visfatin  (pre-B  cell  colony-enhancing  factor)  is  a  52  kDa  protein  that  has  recently 
been  identified  as  a  novel  adipokine.  It  is  present  in  visceral  as  well  as  subcutaneous 
WAT  but  also  expressed  in  BAT  and  other  tissues  such  as  liver  and  muscle  (Waki 
and  Tontonoz  2007;  Revollo  et  al.  2007;  Fukuhara  et  al.  2005).  The  levels  of  circu- 
lating visfatin  in  the  plasma  are  correlated  to  the  amount  of  visceral  fat  in  the  body 
and  an  insulin-mimetic  function  of  visfatin  has  been  described  in  vivo  (Fukuhara 
et  al.  2005;  Saddi-Rosa  et  al.  2010).  Fukuhara  et  al.  found  that  visfatin  treatment  of 
obese  mice  can  reduce  plasma  glucose  levels  (Fukuhara  et  al.  2005).  However, 
2  years  after  their  initial  finding,  they  retracted  their  paper  due  to  controversies 
about  their  results.  Nevertheless,  another  group  could  demonstrate  an  insulin-like 
effect  of  visfatin  on  osteoblast  characterized  by  mediation  of  glucose  uptake  involv- 
ing the  insulin  receptor  (Xie  et  al.  2007). 

Visfatin  also  exhibits  a  regulatory  function  of  angiogenesis.  The  adipokine 
induces  VEGF  as  well  as  MMP  expression  while  decreasing  the  expression  of  tissue 
inhibitor  of  metallopro teases  (TIMP)  in  ECs.  Furthermore,  visfatin  has  a  prolifera- 
tive and  migratory  effect  on  ECs  in  vitro  and  maintains  EC  survival  by  suppressing 
apoptosis  (Adya  et  al.  2008).  Another  group  has  found  a  positive  effect  of  visfatin 
treatment  on  neovascularization  in  vivo.  In  further  in  vitro  studies,  they  could  dem- 
onstrate an  activation  of  the  angiogenesis-related  extracellular  signal-regulated 
kinase  1/2  (ERK1/2)  in  ECs  upon  visfatin  treatment  (Kim  et  al.  2007). 

5.3.2.4  Chemerin 

Chemerin  is  a  relatively  new  member  in  the  family  of  adipokines  and  exerts  its  func- 
tion via  autocrine  and  paracrine  signaling.  The  mature  protein  has  a  size  of  16  kDa 
and  is  primarily  expressed  in  WAT  but  chemerin  mRNA  at  low  levels  is  also  present 
in  BAT  (Goralski  et  al.  2007;  Roh  et  al.  2007).  However,  in  genetically  obese  ob/ob 
mice,  chemerin  expression  in  the  brown  adipose  depot  is  significantly  elevated  com- 
pared to  lean  mice.  Remarkably,  the  morphology  of  brown  adipocytes  in  these 
leptin-deficient  mice  is  altered  and  resembles  white  adipocytes  in  lean  mice  regard- 
ing lipid  droplet  distribution.  Additionally,  molecular  differences  between  brown 
adipocytes  derived  from  obese  versus  lean  mice  are  evident  such  as  reduced  expres- 
sion of  the  NST-related  UCP-1.  These  observations  might  indicate  a  potential  role 
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of  chemerin  in  the  transformation  of  brown  adipocytes  to  a  white  adipocyte-like 
phenotype  as  seen  in  obese  mice  (Goralski  et  al.  2007). 

Another  potential  role  of  chemerin  is  of  chemoattractant  nature.  There  is  evi- 
dence that  the  adipokine  may  play  a  role  in  the  recruitment  of  macrophages  express- 
ing the  G-protein-coupled  receptor  CMKLR1  (Goralski  et  al.  2007;  Zabel  et  al. 
2006).  Chemerin  is  further  involved  in  adipocyte  differentiation  and  there  are  indi- 
cations that  it  also  plays  a  role  in  the  modulation  of  metabolic  pathways  such  as 
lipolysis  (Goralski  et  al.  2007).  Bozaoglu  et  al.  also  established  a  role  of  chemerin 
in  angiogenesis.  They  observed  a  dose-dependent  formation  of  microtubules  in 
vitro  when  treating  ECs  with  recombinant  chemerin  (Bozaoglu  et  al.  2010). 

5.3.2.5  Adiponectin 

Adiponectin  is  an  adipocyte- specific  secreted  protein  and  30  kDa  in  size  (Waki  and 
Tontonoz  2007).  Expression  of  the  protein  hormone  is  nearly  exclusively  restricted 
to  WAT;  however,  recently,  adiponectin  expression  has  also  been  detected  in  BAT 
(Cannon  and  Nedergaard  2004;  Ronti  et  al.  2006;  Viengchareun  et  al.  2002). 
Adiponectin  is  abundant  as  a  circulating  plasma  protein  (Hu  et  al.  1996).  As  opposed 
to  leptin,  adiponectin  levels  are  decreased  in  obesity  and  increased  upon  weight  loss 
(Yang  et  al.  2001;  Coppola  et  al.  2009).  The  protein  is  involved  in  adipocyte  dif- 
ferentiation, lipid  accumulation  in  mature  adipocytes,  and  inhibits  lipolysis  in  vivo 
and  in  vitro  (Qiao  et  al.  2011;  Fu  et  al.  2005).  Decreased  adiponectin  levels  as  seen 
in  obese  individuals  correlate  with  insulin  resistance  (Yamauchi  et  al.  2001).  By 
administering  adiponectin,  insulin  sensitivity  can  be  at  least  partly  restored  in 
rodents  (Chandran  et  al.  2003).  Tschritter  et  al.  could  show  that  adiponectin  plasma 
levels  can  serve  as  a  marker  to  predict  insulin  sensitivity  (Tschritter  et  al.  2003). 

Brakenhielm  et  al.  have  shown  an  anti-angiogenic  effect  of  adiponectin  in  the 
chick  chorioallantoic  membrane  assay  and  in  the  mouse  corneal  angiogenesis  assay. 
They  found  an  inhibition  of  new  vessel  growth  by  adiponectin.  Furthermore,  they 
could  observe  that  EC  apoptosis  is  induced  by  the  adipokine  via  a  caspase-dependent 
mechanism  (Brakenhielm  et  al.  2004a). 

5.3.2.6  Further  Adipokines 

The  adipokines  described  above  are  just  a  small  part  of  all  adipokines  produced  in 
BAT  and  WAT.  There  are  a  number  of  other  factors  that  are  produced  by  the  differ- 
ent cell  types  within  the  adipose  tissue  such  as  macrophages  or  stromal  cells  that 
contribute  with  the  vast  majority  of  adipokines  (Vona-Davis  and  Rose  2007).  Apart 
from  factors  involved  primarily  in  lipid  metabolism,  insulin  sensitivity,  and  angio- 
genesis, there  is  a  broad  range  of  adipokines  that  are  associated  with  inflammation 
and  acute  phase  response.  Among  these  are  transforming  growth  factor  (TGF)-p, 
tumor  necrosis  factor  alpha  (TNFa),  interleukin  (IL)-6,  -8,  and  -10,  as  well  as  PAI-1 
and  metallothionein  (Trayhurn  and  Wood  2004). 
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5.3.2.7  Conclusion 

The  secretory  and  endocrine  role  of  BAT  is  substantially  smaller  compared  to  WAT. 
Most  adipokines  produced  in  BAT  act  auto-  or  paracrine  while  a  systemic  effect  is 
very  rare.  One  explanation  for  this  is  the  fact  that  BAT  mass  is  significantly  smaller 
compared  to  the  amount  of  WAT  present  in  the  body  (Cannon  and  Nedergaard 
2004).  To  date,  there  is  a  remarkable  amount  of  data  available  on  the  importance  of 
WAT  as  an  endocrine  organ.  However,  the  implications  of  BAT  in  this  context  are 
not  equally  well  understood.  It  is  also  of  great  importance  to  understand  potential 
systemic  consequences  that  could  arise  from  sudden,  extensive  weight  loss  as  seen 
in  cancer  cachexia  patients  or  due  to  excessive  fasting  (Trayhurn  and  Beattie  2001). 


5.4    Plasticity  of  BAT  and  WAT  Adipose  Vasculatures 

Adipose  tissues  undergo  constant  expansion  and  shrinkage  throughout  adulthood. 
The  plasticity  of  BAT  and  WAT  is  intimately  dependent  on  the  constant  growth, 
regression,  and  remodeling  of  blood  vessels  (Hausman  and  Richardson  2004).  The 
intimate  interplay  between  adipocytes  and  blood  vessels  suggests  that  alteration  in 
the  adipose  vasculature  could  be  actively  responsible  in  the  modulation  of  adipo- 
genesis  and  obesity.  The  plasticity  of  adipose  vasculature  in  WAT  and  BAT  is  highly 
dependent  on  the  fine  balance  between  pro-angiogenic  factors  and  anti-angiogenic 
inhibitors. 


5.4.1    Pro-angiogenic  Agents  on  Adipose  Vasculature 

Adipose  tissue,  being  an  endocrine  organ,  secretes  a  myriad  of  angiogenic  factors 
being  potentially  involved  in  the  regulation  of  angiogenesis;  these  angiogenic  fac- 
tors include  VEGF-A,  leptin,  FGF-2,  HGF,  TNFa,  TGF-0,  VEGF-C,  resistin,  neu- 
ropeptide Y  (NYP),  and  Ang  (Li  et  al.  2003;  Rehman  et  al.  2004;  Friedman  and 
Halaas  1998;  Halaas  and  Friedman  1997).  It  has  been  shown  that  anti-angiogenic 
agents  that  inhibit  the  growth  of  capillaries  are  able  to  prevent  weight  gain  in  mouse 
model  and  angiogenesis  is  enhanced  in  obesity  in  both  animal  models  and  in  humans 
(Rupnick  et  al.  2002).  In  the  event  of  excess  pro-angiogenic  factors,  such  as 
VEGF-A,  an  angiogenic  switch  is  triggered  activating  a  downstream  signaling  cas- 
cade resulting  in  the  increased  density  of  adipose  vasculature.  Leptin,  an  adipocyte- 
specific  cytokine,  modulates  angiogenesis  in  adipose  tissue,  food  consumption, 
thermogenesis,  reproduction,  hematopoiesis,  and  pro-inflammatory  immune 
response  in  the  body.  The  plasma  concentration  of  leptin  has  been  found  to  be  cor- 
related to  BMI.  Leptin  promotes  angiogenesis  through  paracrine  interaction  with 
ECs  thus  stimulates  cell  growth,  proliferation,  and  survival  of  endothelial  cells 
(Bouloumie  et  al.  1998). 
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5.4.2    Anti-angiogenic  Agents  on  Adipose  Vasculature 

On  the  other  hand,  excess  angiogenic  inhibitors  result  in  regression  of  adipose 
vasculature.  Adipose  tissue  produces  anti-angiogenic  factors  such  as  TSP  and  adi- 
ponectin.  For  instance,  an  adipose-specific  adipokine,  adiponectin,  has  negative  role 
in  modulating  adipogenesis.  Adiponectin  inhibits  angiogenesis  by  inhibiting  EC 
proliferation,  survival,  and  migration,  and  thus  inhibits  adipogenesis  (Brakenhielm 
et  al.  2004a).  The  level  of  circulating  adiponectin  is  inversely  correlated  with  BMI. 
However,  overexpression  or  deletion  of  adiponectin  does  not  seem  to  have  any 
effect  on  the  body  weight  of  mice  (Matsuda  et  al.  2002).  Impairment  of  vascular 
functions  in  the  adipose  tissue  could  potentially  lead  to  alteration  and  dysfunction 
of  lipid  metabolism  and  probable  initiation  and  progression  of  insulin  resistance 
(Jansson  2007).  Dysfunction  of  the  vasculature  could  be  caused  by  alteration  to  the 
ECs  due  to  inflammation  and  angiogenic  profile  changes  induced  by  hypoxia.  Since 
the  expansion  of  adipose  tissue  is  dependent  on  the  growth,  regression,  and  remod- 
eling of  blood  vessels,  the  use  of  anti-angiogenic  agents  to  inhibit  vessels  growth 
may  seem  to  be  an  ideal  therapeutic  treatment  for  obesity  and  related  metabolic 
disorders.  Indeed,  it  has  been  demonstrated  that  treatment  with  angiogenic  inhibi- 
tors including  TNP-470,  angiostatin,  and  endostatin  resulted  in  decreased  body 
weights  in  a  dose-dependent  and  reversible  manner  in  genetically  obese  and  high  fat 
diet  mouse  models  (Rupnick  et  al.  2002;  Brakenhielm  et  al.  2004b).  Administration 
of  TNP-470,  angiostatin,  and  endostatin  not  only  resulted  in  weight  loss;  the  vascu- 
lature in  the  adipose  tissue  was  also  reduced  significantly.  However,  the  use  of  anti- 
angiogenic  agents  in  treatment  of  obesity  and  other  obesity-related  metabolic 
disorders  in  human  warrants  further  investigations. 


5.4.3  Conclusion 

In  conclusion,  the  capacity  of  angiogenesis  in  adipose  tissue  may  be  a  crucial  player 
in  fat  accumulation  and  the  plasticity  of  WAT  in  obese  individuals.  The  plasticity  of 
WAT  and  BAT  adipose  vasculature  is  tightly  regulated  by  the  balance  of  angiogenic 
factors  and  inhibitors.  The  reciprocal  cross  talk  between  ECs  and  adipocytes  is 
essential  in  modulating  vessels  growth  or  regression. 


5.5    Reciprocal  Interplay  Between  Adipocytes 
and  Vascular  Cells 

In  early  embryonic  development,  the  formation  of  adipose  tissue  is  closely  associ- 
ated with  angiogenesis  and  studies  have  shown  that  angiogenesis  precedes  adipo- 
genesis (Hausman  and  Richardson  2004;  Nishimura  et  al.  2007;  Neels  et  al.  2004). 
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Developmental  studies  clearly  indicate  a  spatial  and  temporal  association  between 
angiogenesis  and  adipogenesis  and  there  is  increasing  evidence  that  ECs  and  adipo- 
cytes communicate  in  a  paracrine  manner  but  also  via  extracellular  components  as 
well  as  by  cell-cell  interactions  (Cao  2007;  Varzaneh  et  al.  1994;  Hutley  et  al.  2001; 
Bouloumie  et  al.  2002). 

The  fat  tissue  is  highly  vascularized  and  each  adipocyte  is  surrounded  by  a  vessel 
(Cao  2007,  2010;  Crandall  et  al.  1997).  This  close  proximity  of  adipocytes  and  vas- 
cular cells  implies  that  there  is  an  intimate  interplay  between  those  cell  types  that  is 
required  for  proper  adipose  tissue  growth,  expansion,  and  function  (Fig.  5.3). 

Interestingly,  adipose  tissue  in  the  adult  is  considered  to  be  one  of  the  most  plas- 
tic tissues  in  the  body.  During  lifetime,  it  can  experience  shrinkage  and  expansion. 
These  processes,  such  as  the  development  of  obesity,  are  accompanied  by  changes 
in  the  adipose  vasculature  such  as  vascular  remodeling  and  neovascularization 
(Lijnen  2008;  Cao  2007,  2010;  Crandall  et  al.  1997)  (Fig.  5.4). 


5.5.1    Vascular  Functions  in  Adipose  Tissue 

The  vasculature  in  the  adipose  tissue  exerts  several  crucial  functions.  This  is  espe- 
cially important  in  growing  adipose  tissues;  however,  the  vasculature  is  also  required 
for  the  maintenance  of  adipose  tissue  and  its  functions.  The  role  of  the  adipose 
vasculature  is  described  in  detail  in  Sect.  7.2. 

Here,  we  will  focus  on  evaluating  the  effect  of  vascular  cells  on  adipocytes.  The 
vascular  cells  include  ECs  and  perivascular  cells.  They  are  derived  from  a  common 
vascular  progenitor  cell  of  mesodermal  origin  that  differentiates  into  these  cell  types 
(Chen  2011;  Descamps  and  Emanueli  2012;  Kitagawa  and  Era  2010). 

5.5.1.1    Endothelial  Cells 

ECs  express  among  others  the  surface  markers  CD31,  CD34,  VEGFR-1,  and 
VEGFR-2  as  well  as  Tiel  and  Tie2  (Descamps  and  Emanueli  2012).  In  blood  ves- 
sels, the  endothelium  formed  by  a  monolayer  consisting  of  ECs  functions  as  a  semi- 
permeable barrier  regulating  homeostasis  of  tissue  fluids  (Descamps  and  Emanueli 
2012;  Komarova  and  Malik  2010;  Sumpio  et  al.  2002).  Apart  from  this  barrier  func- 
tion, ECs  are  also  in  endocrine  and  paracrine  signaling.  Thereby,  they  regulate  a 
variety  of  processes  such  as  immune  response  and  growth  (Sumpio  et  al.  2002). 
Studies  suggest  that  ECs  secrete  factors  that  induce  preadipocyte  differentiation  and 
proliferation  in  vitro  (Varzaneh  et  al.  1994;  Hutley  et  al.  2001).  It  has  been  sug- 
gested that  this  effect  is  induced  by  ECM  components.  Indeed,  Hausman  et  al.  could 
show  that  ECM  components  increase  preadipocyte  spreading  and  hypertrophy  in 
vitro.  However,  these  results  could  only  be  obtained  using  ECM  components  derived 
from  tumors  but  not  from  corneal  ECs  (Hausman  et  al.  1996).  It  has  also  been 
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Fig.  5.3  Adipokines  and  angiogenic  factors  in  WAT  and  BAT.  The  WAT  plays  a  major  role  as  an 
endocrine  organ,  secreting  a  myriad  of  adipokines  and  pro-  as  well  as  antiangiogenic  factors.  BAT 
plays  only  a  minor  role  in  secretion  of  adipose-derived  factors.  Due  to  its  smaller  mass,  its  endo- 
crine function  is  mainly  restricted  to  paracrine  and  autocrine  signaling 


hypothesized  that  the  proliferative  effect  of  adipose  tissue  ECs  might  be  due  to  the 
secretion  of  mitogenic  and  adipogenic  factors  such  as  IGF-1  or  members  of  the  FGF 
family  (Hutley  et  al.  2001;  Crandall  et  al.  1997;  Ramsay  et  al.  1992).  The  adipo- 
genic potential  of  FGF- 1  has  been  studied  by  Hutley  et  al.  who  could  identify  FGF-1 
as  a  factor  secreted  by  adipose-derived  ECs  that  increases  preadipocyte 
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Fig.  5.4  Reciprocal  interplay  between  vascular  cells  and  adipocytes.  Vascular  cell-derived  fac- 
tors such  as  IGF-1,  FGF-1,  or  ECM  components  can  stimulate  pre-AC  differentiation  and  lipid 
accumulation.  PCs  can  differentiate  to  pre-ACs  or  ACs  and  thereby  further  contribute  to  adipose 
tissue  expansion.  In  turn,  ACs  produce  factors  that  can  stimulate  or  inhibit  angiogenesis.  Within 
the  vascular  compartment,  PCs  and  ECs  interact  via  VEGF,  PDGF-BB,  or  Angl/Tie2  signaling. 
AC  adipocyte,  EC  endothelial  cell,  PC  pericyte,  pre-AC  preadipocyte,  VSMC  vascular  smooth 
muscle  cell 


differentiation  and  lipid  accumulation  (Hutley  et  al.  2004).  Another  in  vitro  study 
implies  that  coculture  of  ECs  and  adipocytes  stimulates  development  of  preadipo- 
cytes  while  increasing  mature  adipocyte  growth.  However,  this  study  hypothesizes 
that  the  effect  may  be  due  to  direct  adhesion  of  ECs  to  mature  adipocytes  rather  than 
mediated  by  soluble  factors  (Aoki  et  al.  2003). 
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5.5.1.2    Perivascular  Cells 

Perivascular  cells  comprise  vascular  smooth  muscle  cells  (VSMCs)  and  pericytes 
(PC)  (Chen  2011).  VSMCs  are  characterized  by  expression  of  ocSMA,  desmin, 
vimentin,  and  other  markers  (Descamps  and  Emanueli  2012).  While  ECs  line  the 
inner  wall  of  blood  vessels,  VSMCs  can  be  found  inside  the  wall  of  large  but  also 
smaller  veins  and  arterial  vessels.  This  cell  type  provides  vascular  support  and  sta- 
bility and  apart  from  that  even  regulates  blood  flow  (Descamps  and  Emanueli  2012; 
Miano  2010;  Owens  et  al.  2004).  Like  VSMCs,  PCs  express  ocSMA  and  desmin  but 
they  also  express  NG-2,  CD  146,  and  PDGFR-p  (Descamps  and  Emanueli  2012). 
However,  PCs — in  contrast  to  VMSCs — are  covering  smaller  blood  vessels  and 
provide  support  of  the  vessels  (Descamps  and  Emanueli  2012;  Cleaver  and  Melton 
2003).  PCs  also  play  a  role  in  angiogenesis  as  well  as  in  vascular  maintenance 
(Bergers  and  Song  2005).  They  interact  with  ECs  and  thereby  affect  their  migration, 
proliferation,  and  survival  (Armulik  et  al.  2005).  This  interaction  is  of  reciprocal 
nature:  PCs  secrete  VEGF  which  binds  to  the  corresponding  receptors  on  ECs 
mediating  EC  proliferation  and  migration  during  angiogenesis  (Olsson  et  al.  2006). 
In  turn,  sprouting  ECs  produce  and  secrete  during  angiogenesis  platelet-derived 
growth  factor-BB  (PDGF-BB),  the  ligand  for  PDGFR-P  expressed  on  PCs  thereby 
recruiting  them  to  newly  formed  vessels.  PCs  and  ECs  further  communicate  in  a 
paracrine  manner  via  Angiopoietin-Tie2  signaling  which  ensures  vessel  stabiliza- 
tion (Gerhardt  and  Betsholtz  2003). 

It  has  further  been  found  that  PCs  are  able  to  differentiate  into  preadipocytes  and 
adipocytes  (Tang  et  al.  2008;  Farrington-Rock  et  al.  2004).  Studies  have  shown  that 
under  adipogenic  conditions,  pericytes  start  accumulating  lipids  that  can  be  stained 
with  oil  Red  O.  In  these  cells,  expression  of  the  transcription  marker  PPAR-y2 
which  is  specific  for  adipocytes  is  induced  (Farrington-Rock  et  al.  2004). 


5.5.2    Effects  of  Adipocytes  on  Vascular  Cells 

The  interaction  between  vascular  cells  and  adipocytes  is  not  of  unidirectional  nature; 
on  the  contrary,  there  is  a  reciprocal  interplay  between  these  cell  types  and  the  adi- 
pocytes also  affect  the  vascular  compartment  by  secretion  of  several  molecules 
(Cao  2010). 

The  adipose  tissue  consists  of  a  heterogeneous  variety  of  cell  types  including 
adipocytes  and  preadipocytes,  stromal  cells,  inflammatory  cells,  and  ECs.  These 
cell  types  produce  and  secrete  different  growth  factors  and  cytokines  that  affect 
vascular  growth  and  can  induce  or  inhibit  angiogenesis  in  the  adipose  tissue 
(Cao  2005,  2010;  Rehman  et  al.  2004).  Here,  we  focus  on  the  factors  released  by 
adipocytes  themselves  that  exert  pro-  or  anti-angiogenic  effects,  respectively. 

One  of  these  molecules  is  adiponectin,  which  is  a  hormone  derived  from  adipo- 
cytes. Interestingly,  it  has  been  demonstrated  that  adiponectin  is  present  at  signifi- 
cantly lower  levels  in  obese  individuals  compared  to  the  lean  population  (Cao  2007; 
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Yamauchi  et  al.  2001).  Circulating  adiponectin  levels  show  a  negative  correlation 
with  BMI  and  it  has  been  shown  that  plasma  adiponectin  is  decreased  in  individuals 
that  exhibit  insulin  resistance  (Arita  et  al.  1999;  Nedvidkova  et  al.  2005).  Regarding 
its  effects  on  the  vasculature,  it  has  been  shown  that  adiponectin  inhibits  EC  prolif- 
eration. An  anti-proliferative  and  anti-migratory  effect  of  adiponectin  on  VSMCs  in 
vitro  has  been  described  (Goldstein  and  Scalia  2004).  There  are  indications  that 
inhibition  of  smooth  muscle  cell  migration  can  at  least  partly  be  ascribed  to  binding 
of  adiponectin  to  PDGF-BB  (Goldstein  and  Scalia  2004;  Arita  et  al.  2002).  This 
effect  is  mediated  by  activating  caspase-mediated  apoptosis.  Adiponectin  also 
counteracts  the  survival  of  ECs.  Brakenhielm  et  al.  have  described  an  anti-angiogenic 
effect  of  the  adipocyte-derived  hormone.  In  an  in  vivo  model  using  the  mouse  cor- 
neal angiogenesis  assay,  they  showed  that  it  can  act  as  an  endogenous  angiogenesis 
inhibitor.  In  this  study,  the  effect  of  adiponectin  on  microvessels  was  investigated 
(Brakenhielm  et  al.  2004a).  On  the  contrary,  others  have  shown  a  pro-angiogenic 
effect  of  adiponectin  in  in  vitro  studies  on  ECs  obtained  from  large  vessels 
(Brakenhielm  et  al.  2004a;  Ouchi  et  al.  2004).  The  discrepancy  of  the  results  might 
be  due  to  different  experimental  systems  and  also  due  to  the  different  origin  of  the 
ECs  under  investigation.  ECs  derived  from  capillaries  might  behave  differently 
compared  to  ECs  derived  from  larger  vessels  (Brakenhielm  et  al.  2004a). 

Another  hormone  derived  from  adipocytes  is  resistin  (Verma  et  al.  2003).  The 
signaling  molecule  resistin  has  been  shown  to  link  obesity  to  insulin  resistance  and 
type  2  diabetes  (Steppan  et  al.  2001;  Verma  et  al.  2003).  Rajala  et  al.  have  described 
that  resistin  inhibits  skeletal  muscle  glucose  uptake  and  seems  to  be  produced  dur- 
ing adipogenic  processes  (Verma  et  al.  2003;  Rajala  et  al.  2003).  The  vasoactive 
effect  of  resistin  has  been  first  demonstrated  by  Verma  et  al.  (2003).  In  their  in  vitro 
study,  they  could  show  that  treatment  of  ECs  with  recombinant  resistin  up-regulates 
expression  of  endothelin-1  (ET-1),  vascular  cell  adhesion  molecule  (VCAM-1),  and 
monocyte  chemoattractant  chemokine  (MCP-1)  which  play  a  role  in  endothelial 
dysfunction  and  thereby  obesity  and  insulin  resistance  (Verma  et  al.  2003). 

Apart  from  adiponectin  and  resistin,  further  adipocyte-  and  adipose  tissue- 
derived  factors  affect  angiogenesis.  A  shift  in  the  intimate  balance  between  pro-  and 
anti-angiogenic  factors  regulates  whether  angiogenesis  can  occur  or  not.  Typically, 
the  angiogenic  switch  is  determined  by  a  down-regulation  of  angiogenesis  inhibi- 
tors concurrently  with  an  up-regulation  of  angiogenesis  stimulators  (Cao  2007, 
2010).  The  variety  of  pro-  and  anti-angiogenic  factors  is  discussed  more  in  detail  in 
Sect.  7.3. 


5.5.3    Implications  and  Potential  of  Adipocyte-Vasculature 
Interplay 

The  intimate  interplay  between  adipocytes  and  the  adipose  tissue  vasculature  opens 
up  potential  for  treatment  options  for  obesity  and  obesity-related  metabolic  disor- 
ders. Metabolic  diseases  such  as  type  2  diabetes  are  often  related  to  endothelial 
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dysfunction  and  adipose  tissue  expansion  critically  relies  on  angiogenesis  (Cao 
2007,  2010;  Avogaro  et  al.  2011;  Avogaro  and  de  Kreutzenberg  2005).  Thereby, 
angiogenesis  inhibitors  might  serve  as  a  powerful  tool  to  counteract  obesity  and 
restoring  proper  endothelial  function  might  be  a  potential  target  to  combat  meta- 
bolic disorders  (Cao  2007,  2010).  Indeed,  a  number  of  in  vivo  studies  have  demon- 
strated that  the  endogenous  angiogenesis  modulators  angiostatin  and  endostatin, 
and  also  molecules  such  as  the  angiogenesis  inhibitor  TNP-470,  have  the  potential 
to  decrease  body  weight  and  prevent  obesity  in  genetic  models  as  well  as  diet- 
induced  models  of  obesity  in  mice  (Cao  2010;  Rupnick  et  al.  2002;  Brakenhielm 
et  al.  2004b;  O'Reilly  et  al.  1994,  1997). 
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Chapter  6 

Lymphatic  System  in  Adipose  Tissues 

Bernhard  Nausch,  Sonia  Rehal,  and  Pierre-Yves  von  der  Weid 


Abstract  The  lymphatic  system  is  uniquely  aligned  to  integrate  with  many  organ 
systems.  Originally  discovered  as  a  vessel  network  separate  from  the  circulatory 
system,  it  took  centuries  before  the  lymphatic  system  was  given  the  attention  it  truly 
deserves.  Within  the  last  2  decades,  a  resurgence  of  literature  has  revealed  the  lym- 
phatic system  to  be  intimately  linked  to  tissue  fluid  homeostasis,  immune  cell  traf- 
ficking, and  nutrient  absorption.  Particularly,  the  lymphatic  system  within  the 
digestive  system  is  specially  devoted  to  transport  absorbed  lipids,  making  it  an 
important  organ  system  in  adipose  tissue  biology.  This  chapter  will  review  the  ori- 
gins and  structural  organization  of  the  lymphatic  system,  followed  by  the  key  events 
taking  place  in  the  development  of  new  lymphatic  vessels,  or  lymphangiogenesis. 
The  biological  links  between  the  lymphatic  system  and  the  adipose  tissue  will  be 
further  highlighted,  with  emphasis  on  its  functional  relevance.  Finally,  the  implica- 
tions of  dysfunctions  of  the  lymphatic  system  will  be  considered  in  relation  to 
adipose  tissue  disorders. 

Keywords  Lymphangiogenesis  •  Lymphatic  pumping  •  Lymph  drainage  •  Lipid 
transport  •  Fat  deposition  •  Inflammation  •  Inflammatory  mediators 
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6.1    Discovery  of  the  Lymphatic  System 

The  very  first  reference  to  lymphatic  vessels  can  be  found  in  the  early  works  of 
Aristotle  (384-322  bc)  who  described  vessels  that  contain  a  colorless  fluid  (Lord 
1968).  Similarly,  Hippocrates  (460-270  bc)  observed  structures  containing  "white 
blood"  (Skobe  and  Detmar  2000),  most  probably  describing  lymphatic  vessels. 
After  being  overlooked  for  several  centuries,  lymphatic  vessels  were  rediscovered 
by  Gaspare  Aselli  (1581-1626),  professor  of  anatomy  and  surgery  at  the  University 
of  Pavia.  He  identified  "opaque  vessels,"  which  he  named  "lacteis  venis"  or  milky 
veins,  in  the  postprandial  dog's  mesentery  (as  reviewed  in  Alexander  et  al.  (2010)). 
Since  lymphatic  vessels  were  first  identified  in  the  mesentery  in  close  proximity  to 
the  digestive  system,  it  was  assumed  that  their  main  function  was  the  transport  of 
nutrients  from  the  gut  to  the  liver,  although  Herophilus  (335-280  bc)  noted  that 
these  "peculiar  veins"  terminate  in  glandular  bodies,  most  likely  describing  lymph 
nodes  (Lord  1968;  Cruikshank  1786).  Subsequently,  in  1651,  Jean  Pecquet  described 
the  cisterna  chyli  and  thoracic  duct,  laying  the  foundation  for  the  current  knowledge 
that  lymph  is  returned  to  the  great  veins  in  the  neck  (as  reviewed  in  Skobe  and 
Detmar  (2000)).  Two  years  later  Olof  Rudbeck  and  Thomas  Bartholin  implicated 
lymphatic  vessels  in  absorption  of  interstitial  fluid  throughout  the  entire  body,  not 
just  the  digestive  system  (Mayerson  1963). 

Mechanisms  that  underlie  fluid  absorption  via  lymphatics  have  been  studied 
since  the  nineteenth  century.  Starling  demonstrated  in  1896  that  lymph  is  a  special 
filtrate  from  the  blood  (as  reviewed  in  Skobe  and  Detmar  (2000)),  while  Cecil 
Drinker  and  Joseph  Yoffey  described  the  lymphatic  system  as  an  absorbing  system 
that  returns  fluid  and  proteins,  filtered  from  the  capillaries,  to  the  bloodstream 
(Yoffey  and  Drinker  1938;  Yoffey  et  al.  1938).  More  importantly,  lymph  has  been 
shown  to  contain  a  plethora  of  cells,  including  immune  cells.  Early  observations 
include  those  of  William  Hewson  of  Hexham  (1739-1774)  noting  lymphocytic 
structures  in  lymph,  followed  by  the  proposition  by  Henri  Francois  Le  Dran  (1685— 
1770)  implicating  lymphatic  vessels  as  routes  for  the  metastasis  of  cancer.  Thus, 
very  early  observations  of  the  lymphatic  system  indicated  its  major  functions:  (1) 
transport  of  lipids  from  the  gut  to  the  blood,  (2)  maintenance  of  fluid  homeostasis  in 
the  interstitium,  and  (3)  transport  of  immune  cells  to  allow  for  the  initiation  of  spe- 
cific immune  responses. 


6.2    Structure  and  Function  of  Lymphatic  Vessels 
and  Lymph  Nodes 

Fluid  homeostasis  is  delicately  balanced  by  fluid  pressures  within  the  blood  and 
lymphatic  vessels.  Blood  pressure  forces  fluid  and  proteins  to  leak  out  of  capillaries. 
Interstitial  fluid  that  is  not  reabsorbed  by  the  venous  system  enters  the  lymphatic 
system  driven  by  hydrostatic  and  oncotic  pressures  and  is  subsequently  termed 
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Subclavian  Vein 


Lymph  Node 

Fig.  6.1  Structural  organization  of  the  lymphatic  system.  Initial  lymphatics  absorb  fluid  in  the 
interstitium  and  drain  lymph  into  collecting  lymphatics.  These  muscular  vessels  propel  lymph  by 
means  of  active  contractions  to  the  lymph  node  and  further  to  the  cisterna  chili,  which  receives  all 
lymph  from  the  legs  and  abdominal  organs.  From  here  lymph  is  transported  by  the  thoracic  duct, 
the  body's  largest  collecting  lymphatic,  to  the  subclavian  vein 

lymph.  The  lymphatic  system  is  responsible  for  draining  10  %  of  the  interstitial 
fluid  that  is  left  behind  by  the  circulatory  system,  which  amounts  to  about  2  L  of 
lymph  a  day  (Bierman  et  al.  1953).  If  these  were  not  removed  by  the  lymphatic 
system,  fluid  and  proteins  would  accumulate  and  lymph  stasis  and  edema  would 
accrue. 

The  structure  of  the  lymphatic  system  is  intelligently  designed  to  accomplish  this 
drainage  of  fluid  along  with  its  other  functions,  such  as  lipid  absorption  and  immune 
cell  trafficking.  As  illustrated  in  Fig.  6.1,  the  lymphatic  vessel  network  originates 
with  initial  lymphatic  vessels,  where  interstitial  fluid  enters  the  lymphatic  system. 
Lymph  is  then  actively  propelled  against  hydrostatic  pressure  gradients  to  make  its 
way  to  local  immune  structures,  the  lymph  nodes.  Exiting  lymph  nodes  the  lymph 
travels  through  larger  efferent  vessels  and  lymphatic  ducts  to  ultimately  enter  the 
blood  circulation,  when  ducts  merge  with  the  superior  vena  cava  at  the  level  of  the 
subclavian  veins  (Ryan  1989). 


6.2.1    Initial  Lymphatic  Vessels 

The  initial  lymphatic  vessels  (initial  lymphatics,  Fig.  6.2a)  are  found  penetrating 
almost  all  tissue  beds  and  organs  of  the  body.  They  are  often  described  as  blind- 
ended  tubes  in  the  interstitium,  much  like  the  fingers  of  a  glove.  Initial  lymphatics  are 
larger  than  blood  capillaries  and  have  a  diameter  of  -60-110  urn  in  the  skin  (Ryan 
1989).  Their  thin  wall  consists  of  a  single  layer  of  oak  leaf-shaped  endothelial  cells 
and  a  discontinuous,  rudimentary  basement  membrane  (Leak  1976).  Neighboring 
endothelial  cells  are  connected  by  button-like  junction  (Fig.  6.2a),  made  of  vascular 
endothelial  (VE)-cadherin  and  tight  junction  proteins  such  as  occluding,  claudin-5, 
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Fig.  6.2  Components  of  the  lymphatic  system,  (a)  Schematic  of  an  initial  lymphatic  depicting  oak 
leaf-shaped  endothelial  cells  connected  by  button  junctions,  which  leave  free  flaps  that  form  primitive 
valves.  Endothelial  cells  are  tethered  to  elastin  fibers  of  surrounding  connecting  tissue  by  anchor- 
ing filaments,  (b)  Schematic  of  collecting  lymphatics  depicting  the  three  cell  layers  in  their  wall. 
The  adventitia  consists  of  connective  tissue  and  contains  nerve  fibers.  The  media  is  formed  by 
lymphatic  muscle  embedded  in  collagen  and  elastin  fibers.  The  intima  consists  of  tightly  connected 
endothelial  cells.  Intralymphatic  valves  are  formed  by  a  matrix  core  sandwiched  between  endothe- 
lial cells,  (c)  Schematic  of  lymph  node  depicting  the  flow  of  lymph  through  the  lymph  node  and 
activation  of  resident  T-  and  B-lymphocytes  by  dendritic  cells  and  antigens,  respectively.  B-cells 
reside  in  germinal  centers  in  the  peripheral  cortex  and  T-cells  deeper  in  the  parenchyma.  Lymph 
enters  the  subcapsular  sinus  through  afferent  lymphatics  and  leaves  the  lymph  node  at  the  hilum 
through  the  efferent  lymphatic 

zonula  occludens  (ZO)-l,  endothelial  cell-selective  adhesion  molecule  (ESAM),  and 
junctional  adhesion  molecule-A  (JAM-A)  (Baluk  et  al.  2007).  Pores  of  about  2  urn 
exist  between  these  button-like  junctions,  and  the  nonconnected  flaps  of  the  oak  leaf- 
shaped  endothelial  cells  form  primitive  valves  that  allow  for  entry  of  fluid  from  the 
interstitium  into  the  lumen,  elegantly  preventing  leakage  of  lymph  in  the  opposite 
direction  (Ryan  1989;  Schulte-Merker  et  al.  2011;  Schmid-Schonbein  2003; 
Mendoza  and  Schmid-Schonbein  2003).  The  "pores"  formed  between  neighboring 
endothelial  cells  not  only  provide  the  major  entry  way  into  the  lymphatic  system  for 
fluids,  but  also  for  immune  cells,  proteins,  and  chylomicrons. 

The  endothelial  cells  of  the  initial  lymphatics  are  tethered  to  the  surrounding 
connective  tissue  by  anchoring  filaments  (Fig.  6.2a).  These  filaments  consist  of 
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fibrillin  and  tie  the  outer  valve-forming  flaps  of  the  endothelial  cells  to  elastin  fibers 
in  the  surrounding  connective  tissue  (Leak  and  Burke  1968).  This  arrangement 
allows  for  expansion  of  the  lymphatic  vessel  lumen  and  consequent  entry  of  fluid 
when  the  interstitium  is  expanded  due  to  accumulation  of  interstitial  fluid.  When  the 
initial  lymphatic  is  compressed  by  movement  of  adjacent  pulsating  arteries,  sur- 
rounding skeletal  muscle,  or  during  manual  lymphatic  drainage,  the  lymph  is  pushed 
towards  the  next  lymphatic  vessel  structure,  the  collecting  lymphatic  vessels. 


6.2.2    Collecting  Lymphatic  Vessels 

Collecting  lymphatic  vessels  (collecting  lymphatics,  Fig.  6.2b)  are  considerably 
larger  than  initial  lymphatics  with  a  diameter  of  ~  80-200  um  in  the  rat  mesentery 
(Huxley  and  Scallan  2011).  Collecting  vessels  are  more  complex  in  nature  than 
initial  lymphatics,  comprising  an  intima,  media,  and  adventitia.  Their  innermost 
layer,  the  intima,  consists  of  endothelial  cells  and  a  basement  membrane.  In  contrast 
to  initial  lymphatics,  neighboring  endothelial  cells  are  tightly  connected  by  zipper- 
like junctions  that  contain  VE-cadherin,  occluding,  claudin-5,  ZO-1,  ESAM,  and 
JAM- A  (Baluk  et  al.  2007).  In  addition,  collecting  vessel  endothelial  cells  also  form 
intraluminal  semilunar  valves  (Bazigou  et  al.  2009).  These  valves  consist  of  a  matrix 
core  that  is  sandwiched  between  endothelial  cells.  These  valves  direct  lymph  flow 
in  a  unidirectional  manner  while  also  dividing  the  collecting  lymphatics  into  seg- 
ments which  are  called  "lymphangions"  (Mislin  1961). 

The  media  layer  of  collecting  lymphatics  consists  of  lymphatic  muscle  cells 
embedded  in  a  meshwork  of  collagen  and  elastin  fibers  (Arkill  et  al.  2010). 
Lymphatic  muscle  confers  to  collecting  lymphatic  vessels  their  ability  to  rhythmi- 
cally contract.  This  function  is  the  main  driving  force  of  the  intrinsic  lymph  pump 
and  allows  for  active  transport  of  lymph  along  the  lymphatic  vessel  network  (Orlov 
et  al.  1975;  Mislin  1976;  Hargens  and  Zweifach  1977).  The  contractile  machinery 
within  the  lymphatic  muscle  is  very  similar  to  that  seen  in  vascular  smooth  muscle, 
with  the  existence  of  additional  actin  isoforms  typically  found  in  cardiac  muscle 
(Muthuchamy  et  al.  2003).  This  characteristic  makes  these  cells  a  unique  muscle 
entity.  The  intrinsic  and  rhythmic  contractile  activity  of  lymphatic  muscle  is  another 
similarity  to  cardiac  muscle.  This  feature  and  the  presence  of  valves  on  each  side  of 
a  lymphatic  chamber  bear  similarity  to  the  ventricles  of  the  heart  and  lymphangions 
are  also  referred  to  as  "lymph  hearts." 

The  outermost  layer  of  the  collecting  lymphatic's  wall  is  the  adventitia  that  con- 
sists of  mostly  connective  tissue  and  contains  adrenergic  (Costa  and  Funess  1973; 
Ohhashi  et  al.  1982),  cholinergic  (Ohhashi  et  al.  1982),  and  peptidergic  (Hukkanen 
et  al.  1992)  nerve  fibers.  In  addition,  adipocytes  have  been  observed  entangled  in  the 
meshwork  of  collagen  and  elastin  fibers  of  the  vessel  wall  (Arkill  et  al.  2010). 

Although  contractile  activity  of  lymphatic  muscle  is  autonomous  (Mislin  1961), 
it  is  subject  to  regulation  by  physical  factors  such  as  temperature  and  stretch  (Mislin 
1961;  Davis  et  al.  2009),  as  well  as  by  chemical  mediators.  Endothelium-derived 
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nitric  oxide  (NO),  for  example,  inhibits  contractility  (Ferguson  et  al.  1994;  Gashev 
et  al.  2002;  von  der  Weid  and  Van  Helden  1996;  Gasheva  et  al.  2006),  as  does  pros- 
taglandin E2  (Mizuno  et  al.  1998;  Rehal  et  al.  2009;  Elias  and  Johnston  1988; 
Johnston  et  al.  1983;  Johnston  and  Gordon  1981;  Johnston  and  Feuer  1983). 
Prostaglandin  H2/Thromboxane  A2,  on  the  other  hand,  increases  contractile  activ- 
ity (Mizuno  et  al.  1998;  Johnston  et  al.  1983;  Johnston  and  Gordon  1981;  Johnston 
and  Feuer  1983;  Plaku  and  von  der  Weid  2006).  In  addition  to  the  endothelium, 
factors  that  could  regulate  contractile  activity  can  be  derived  from  other  sources, 
such  as  neighboring  tissues  or  the  lymph  itself.  As  will  be  discussed  later  in  the 
chapter,  one  particularly  relevant  source  of  factors  is  the  adipose  tissue,  which  very 
often  surrounds  collecting  lymphatics.  Adipocytes  and  adipose  tissue  macrophages 
present  in  these  depots  or  entangled  in  the  adventitia  (see  above)  actively  secrete 
many  different  neurohormonal  substances,  such  as  NO  (Hodis  et  al.  2011;  Lumeng 
et  al.  2007),  potentially  able  to  modulate  lymphatic  contractile  activity  (Wang  et  al. 
2007)  (Fig.  6.6). 


6.2.3    Lymph  Nodes 

Lymph  nodes  are  bean-shaped  secondary  lymphoid  organs  that  can  be  found  inter- 
spersed between  afferent  and  efferent  lymphatic  vessels  (Fig.  6.2c).  They  play  simi- 
lar roles  to  the  thymus  and  spleen,  providing  an  interaction  platform  for  foreign 
antigens  with  systemically  circulating  immune  cells  and  serve  as  local  immune  cen- 
ters for  corresponding  tissues  and  organs.  Lymph  enters  the  subcapsular  sinus  of 
lymph  nodes  through  afferent  lymphatics,  travels  through  lymphatic  sinuses,  and 
subsequently  leaves  the  lymph  node  through  the  efferent  lymphatic  vessel  (Grigorova 
et  al.  2010;  Ohtani  and  Ohtani  2008).  Conduits  within  the  lymph  node  facilitate  the 
flow  of  lymph  and  antigens  deeper  into  the  lymph  node  parenchyma  (as  reviewed  in 
Shields  (2011)). 

Lymph  nodes  are  rich  in  lymphocytes  of  different  activation  phenotypes  (Drayson 
and  Ford  1984).  Specifically,  lymph  nodes  contain  T-cell  zones  within  the  medul- 
lary and  cortical  sinuses,  and  B-cell  zones  located  in  the  outer  cortical  area  of  the 
lymph  node  (Drayson  and  Ford  1984).  Antigens,  either  presented  by  antigen- 
presenting  cells  or  transported  by  convection  with  the  lymph,  meet  and  interact  with 
resident  lymphocytes  within  the  lymph  node,  initiating  an  appropriate  and  specific 
immune  response  to  foreign  antigens,  or  immune  tolerance  to  self-antigens. 
Depending  on  the  antigen  being  encountered,  T-cells  and  B -cells  can  differentiate 
and  mature  to  eventually  destroy  foreign  antigens  while  leaving  self-antigens 
untouched.  Critical  to  proper  lymphocyte  development,  and  therefore  lymph  node 
function  is  a  stimulating  microenvironment.  Above  and  beyond  specific  colony- 
stimulating  factors,  lipids  provide  the  proper  building  materials  and  fuel  for  lym- 
phocyte development  (Pond  2000).  Accordingly,  it  is  not  surprising  that  lymph 
nodes  are  embedded  in  adipose  tissue  depots  (Fig.  6.3b).  The  role  of  perinodal  adi- 
pose tissue  (PAT)  will  be  discussed  later  in  this  chapter. 
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Fig.  6.3  Lymphatic  vessels  and  lymph  nodes  embedded  in  fat.  (a)  Photograph  of  a  rat  mesenteric 
vascular  arcade  where  afferent  collecting  lymphatics  embedded  in  fat  can  be  identified  along  a 
vein  and  an  artery,  (b)  Photograph  of  a  mouse  popliteal  lymph  node  with  two  afferent  lymphatics 
and  one  efferent  lymphatic  labeled  with  Indian  ink.  The  afferent  lymphatics  enter  the  lymph  node 
from  the  top  and  from  the  side  of  the  lymph  node,  while  the  efferent  lymphatic  exits  from  under- 
neath the  lymph  node  at  its  hilum.  The  lymph  node  and  its  associated  lymphatic  vessels  are 
embedded  in  the  popliteal  fat  pad.  Part  of  the  fat  pad  had  been  removed  to  allow  for  a  better  visu- 
alization of  the  lymph  node  and  the  lymphatics.  Scale  bars  200  um 

6.3    Adipolymphatic  Connections 

Adipose  tissue  is  composed  of  mainly  adipocytes  that  make  up  ~  90  %  of  the  tissue 
with  the  remaining  ~  10  %  consisting  of  collagen-rich  connective  tissue  that  con- 
tains blood  capillaries,  fibroblasts,  and  nerve  fibers  (Ryan  1989,  1995).  Adipocytes 
are  cells  that  store  a  large  droplet  of  lipids.  Most  lipids  are  derived  from  the  diet  and 
are  absorbed  in  the  jejunum.  Lipids  are  solubilized  by  the  action  of  bile  acids  and 
fatty  acids  are  cleaved  off  by  pancreatic  lipases.  Free  fatty  acids  and  monoacylglyc- 
erols  are  absorbed  by  the  enterocytes  in  the  gut  epithelium  (Fig.  6.4)  and  triglycer- 
ides are  resynthesized  from  these  substrates  (Kindel  et  al.  2010).  Together  with 
cholesterol  the  triglycerides  are  packaged  into  chylomicrons,  large  lipoprotein  par- 
ticles that  consist  of  a  core  of  triglycerides  and  cholesterol  esters  surrounded  by 
more  polar  free  fatty  acids  and  un-esterified  cholesterol  as  well  as  proteins,  espe- 
cially Apo  B,  but  also  Apo  AI,  All,  CI,  CII,  and  CIII  (Cox  and  Garcia-Palmieri 
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Fig.  6.4  Lipid  absorption  through  the  lymphatic  system.  Schematic  depicting  chylomicron 
absorption  by  an  initial  lymphatic  vessel  (lacteal)  in  the  villi  of  the  jejunum.  Monoacylglycerides 
and  free  fatty  acids  are  absorbed  by  jejunal  enterocytes  that  resynthesize  triacylglycerides.  Together 
with  cholesterol,  phospholipids,  and  proteins  these  triglycerides  are  incorporated  into  chylomi- 
crons, which  are  secreted  into  the  extracellular  space  in  the  villi  and  absorbed  into  the  lacteal 

1990).  Chylomicrons  are  exocytosed  by  the  enterocytes  into  the  interstitium  of  the 
villi  where  they  enter  the  lacteals  (Kohan  et  al.  2011)  and  are  transported  in  the 
lymph  via  collecting  lymphatics,  lymph  nodes,  the  cisterna  chyli,  and  thoracic  duct 
to  the  bloodstream  (as  reviewed  in  Rutkowski  et  al.  (2006)).  In  blood  capillaries, 
endothelial  lipases  cleave  fatty  acids  off  the  lipoprotein  particles  and  these  fatty 
acids  are  either  used  by  cells  for  energy  or  stored  in  adipocytes  (Wang  et  al.  2009a). 
Thereby  the  lymphatic  system  is  essential  for  the  transport  of  dietary  lipids  from  the 
small  intestine  to  the  blood.  Any  lymphatic  dysfunction  could  lead  to  visceral 
edema,  malabsorption  of  lipids,  or  protein-losing  enteropathy  (Rockson  2010). 

The  lymphatic  system  not  only  transports  lipids  from  the  gut,  but  also  removes 
lipids  from  the  interstitium  of  peripheral  tissues  (Nanjee  et  al.  2001;  Wong  et  al. 
1995),  such  as  the  skin.  The  lipids  found  in  peripheral  lymph  stem  from  the  blood 
circulation,  whereas  fatty  acids  released  from  adipocytes  are  usually  bound  by  albu- 
min and  removed  by  blood  vessels  (Ranallo  and  Rhodes  1998).  Interestingly,  in 
early  studies,  initial  lymphatics  were  not  found  within  adipose  tissue,  but  at  its 
borders  (Ryan  1989,  1995).  This  prompted  researchers  to  hypothesize  that  adipose 
tissue  develops  where  there  is  no  drainage  of  lipids  from  the  tissue  by  lymphatic 
vessels.  Unna  postulated  that  uptake  of  lipids  by  cells  occurs  where  lymph  is  stag- 
nant (Unna  1896)  and  thus  where  lipids  are  not  removed  from  the  interstitium.  Clark 
and  Clark  showed  that  fat  deposition  in  the  wounded  area  of  a  rabbit  ear  occurs  at 
sites  devoid  of  lymphatic  vessels  (Clark  and  Clark  1940),  and  recently  it  has  been 
shown  that  saphenous  vein  incompetence  is  associated  with  loss  of  lymphatic 
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vessels  and  accumulation  of  lipids  (Tanaka  et  al.  2012).  A  direct  relationship 
between  extracellular  lipid  concentration  and  the  amount  of  lipid  uptake  was  shown 
in  tissue  culture  by  Poznanski  in  1973  (Poznanski  et  al.  1973). 

These  observations  are  reminiscent  of  what  occurs  during  lymphedema,  where 
lymphatic  drainage  is  disrupted  or  malfunctioning.  This  situation  can  result  from  a 
heritable  or  genetic  malformation  of  lymphatics  (primary  lymphedema),  or  more 
commonly,  as  a  consequence  of  infection,  injury,  or  lymphatic  disruption  due  to 
surgery  (secondary  lymphedema)  (Rockson  2001;  Szuba  and  Rockson  1998)  and 
leads  to  imbalances  in  lymphatic  load  and  transport,  and  edema  formation.  Increased 
fluid  in  the  interstitial  space  leads  to  architectural  changes  in  the  skin  and  subcuta- 
neous tissues,  which  are  often  significant  (Rockson  2001;  Piller  1980;  1990).  As 
lymph  stasis  and  the  resultant  edema  become  chronic,  there  is  a  predisposition  to 
increasing  numbers  of  adipocytes,  fibroblasts,  and  keratinocytes  in  the  edematous 
tissues  (Shin  et  al.  2003).  Such  changes  in  tissue  composition  lead  to  thickening  of 
the  skin  and  subcutaneous  tissue  fibrosis  (Rockson  2001),  but  these  events  are  not 
well  understood.  In  addition  to  lymph  stasis  and  tissue  structure  disruption 
inflammation  occurs  in  lymphedema  (Tabibiazar  et  al.  2006). 

Hypothesizing  that  lymph  stasis  promotes  inflammation  and  adipogenesis, 
Schirger  et  al.  (1962)  examined  surgically  removed  subcutaneous  tissue  from 
patients  with  primary  lymphedema.  Perilymphatic  infiltration  of  plasma  cells  and 
lymphocytes,  fibrosis  in  the  dermis,  subcutaneous  septa,  and  deep  fascia,  as  well  as 
fibro-adipose  tissue  in  the  subcutis  were  observed  in  the  resected  tissue.  More 
recently,  liposuction  was  used  to  treat  chronic  lymphedema,  for  example  after  mas- 
tectomy with  axillary  lymph  node  resection.  These  studies  reported  that  the  aspirate 
consisted  mainly  of  an  adipose  fraction  (90-100  %),  and  a  much  smaller  fluid  frac- 
tion (Brorson  2010;  Peled  et  al.  2012),  clearly  demonstrating  that  chronic  edema- 
tous limbs  contain  large  amounts  of  adipose  tissue  in  addition  to  lymph. 

Adipocyte  accumulation  has  also  been  reported  in  animal  models,  such  as  the 
Chy  mouse,  which  exhibits  lymphedema  caused  by  hypoplastic  cutaneous  lymphat- 
ics as  a  result  of  heterozygous  inactivating  mutations  in  the  VEGFR3  gene.  These 
animals  also  display  increased  adiposity  in  the  edematous  subcutaneous  layer  close 
to  the  hypoplastic  dysfunctional  dermal  lymphatics  (Karkkainen  et  al.  2001). 
Histopathology,  architectural  changes,  and  lymphoscintigraphic  characteristics 
similar  to  that  observed  in  human  acquired  lymphedema  are  well  simulated  in 
another  animal  model  of  acute  lymph  stagnation,  where  excision  of  a  2  mm  circum- 
ferential segment  of  skin  from  a  mouse-tail  that  effectively  disrupts  lymphatic 
drainage  but  leaves  blood  supply  intact  causes  an  edema  distal  to  the  site  of  injury 
(Tabibiazar  et  al.  2006;  Slavin  et  al.  1999).  This  experimental  model  was  recently 
used  to  further  study  the  effect  of  lymphatic  fluid  stasis  on  adipogenesis  (Aschen 
et  al.  2012;  Zampell  et  al.  2012).  The  authors  showed  that  lymph  stasis  leads  to  an 
increase  in  adipose  tissue  mass  as  well  as  fibrosis  and  inflammation  of  the  subcuta- 
neous adipose  tissue  (Zampell  et  al.  2012).  In  addition,  the  same  group  analyzed 
factors  that  contribute  to  the  development  of  adipose  tissue  and  found  an  up- 
regulation  of  CCAAT/enhancer-binding  protein-a  (CEBP-a)  and  adiponectin 
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(Aschen  et  al.  2012).  CREB-oc  participates  in  the  activation  of  peroxisome 
proliferator- activated  receptor-y  (PPAR-y),  which  is  a  crucial  factor  in  adipogenesis 
(Cristancho  and  Lazar  2011).  Adiponectin  is  an  adipocytokine  with  anti- 
inflammatory properties,  which  normally  induces  fatty  acid  p-oxidation 
(Aghamohammadzadeh  et  al.  2012),  but  is  also  known  to  be  expressed  at  high  levels 
during  lipid  accumulation  (as  reviewed  in  Harford  et  al.  (2011)).  These  data  cor- 
roborate clinical  studies  indicating  that  chronic  lymph  stasis  results  in  inflamma- 
tion, fibrosis,  and  adipose  deposition. 

Other  important  experimental  data  further  strongly  suggest  that  altered  lym- 
phatic vessel  development  promotes  obesity.  Harvey  et  al.  reported  that  a  genetic 
mouse  model  of  abnormal  lymphatic  development,  the  Prox-1  haploinsufficient 
mouse,  develops  late-onset  obesity  (Harvey  et  al.  2005).  Prox-1  is  a  transcription 
factor  that  is  crucial  for  the  development  of  lymphatics,  and  haploinsufficiency 
results  in  malformed,  dysfunctional,  and  leaky  lymphatics.  This  greatly  hampers 
lymphatic  drainage,  promotes  lymph  stasis,  and  the  subsequent  development  of 
obesity  (Harvey  et  al.  2005).  In  addition,  differentiation  of  preadipocytes  in  culture 
was  induced  by  the  addition  of  chyle,  i.e.,  lymph  containing  lipids.  In  contrast,  addi- 
tion of  safflower  oil  did  not  induce  differentiation,  indicating  that  the  availability  of 
fat  alone  is  not  the  adipogenic  factor  driving  adipocyte  differentiation  (Harvey  et  al. 
2005).  Similarly,  Nougues  et  al.  presented  evidence  that  differentiation  of  rabbit 
adipocyte  precursors  to  adipocytes  is  enhanced  when  either  lymph  or  chylomicrons 
are  added  to  the  culture  medium  (Nougues  et  al.  1988). 

Alternatively,  several  studies  investigated  the  effects  of  lipids,  adipose  tissue,  and 
obesity  on  lymphatic  function.  Tso  et  al.  reported  an  increase  in  mesenteric  lymph 
flow  following  a  fatty  meal  (Tso  et  al.  1985).  Although  the  underlying  mechanisms 
are  still  unknown,  the  presence  in  lymph  of  lipid  components  such  as  low-density 
lipoprotein  (LDL),  which  has  been  shown  to  enhance  lymphatic  contractile  activity 
(Wang  et  al.  2009b),  could  mediate  this  increase. 

A  direct  link  between  fat  metabolism  and  lymphatic  function  was  suggested 
from  a  study  showing  that  hypercholesterolemic  apolipoprotein  E  knockout  mice 
have  dysfunctional  lymphatic  vessels  with  abnormal  expression  of  lymphatic  vessel 
endothelial  hyaluronic  acid  receptor  1  (LYVE-1),  enlarged  initial  lymphatics,  and 
reduced  smooth  muscle  content  of  collecting  lymphatics  (Lim  et  al.  2009).  A  recent 
clinical  study  reported  that  the  normal  increase  in  blood  and  lymph  flow  that  occurs 
in  subcutaneous  adipose  tissue  in  response  to  glucose  ingestion  is  blunted  in  obese 
subjects  (Arngrim  et  al.  2013).  Altogether,  these  data  suggest  that  lymphatic  func- 
tion can  be  regulated  by  adipose  tissue,  lipids,  or  cholesterol  (see  Fig.  6.6),  but 
detailed  investigations  are  still  outstanding. 

The  adipogenic  property  of  lymph  could  account  for  the  development  of  adipose 
tissue  along  collecting  lymphatic  vessels  and  around  lymph  nodes  (Fig.  6.3).  This 
anatomical  arrangement  is  similar  to  the  intimate  relation  between  small  blood  ves- 
sels and  their  perivascular  adipose  tissue,  a  source  of  adipocytokines  that  regulate 
blood  vessel  diameter  and  thereby  blood  flow  (Aghamohammadzadeh  et  al.  2012). 
Interestingly,  peripheral  lymph  contains  several  adipocytokines,  namely  monocyte 
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chemoattractant  protein- 1  (MCP-1),  leptin,  tumor  necrosis  factor  a  (TNFa),  as  well 
as  the  interleukins  (IL-)  ip,  6,  and  8  (Miller  et  al.  2011),  all  of  which  could  poten- 
tially modulate  lymphatic  activity.  Zawieja  et  al.  examined  lymphatic  contractile 
activity  in  a  rat  model  of  metabolic  syndrome.  In  these  high-fructose  diet-fed  rats, 
plasma  triglycerides  were  elevated  and  TNFa  over-expressed  compared  to  control. 
In  addition,  contraction  frequency  of  lymphatic  vessels  and  lymph  flow  were  sig- 
nificantly reduced  (Zawieja  et  al.  2012).  However,  whether  TNFa  plays  a  role  in  the 
observed  impairment  of  lymphatic  pumping  remains  unknown.  Several  adipose- 
derived  modulators  have  been  suggested  to  affect  lymphatic  pumping,  such  as 
TNFa  and  LDL;  however  further  studies  need  to  confirm  these  hypotheses  (Fig.  6.6). 
Furthermore,  prostaglandins  and  other  inflammatory  mediators  could  be  released 
from  adipose-resident  macrophages  and  alter  pumping  (Fig.  6.6). 

Like  collecting  lymphatics,  lymph  nodes  are  also  embedded  in  a  fat  pad 
(Fig.  6.3b).  This  perinodal  adipose  tissue  (PAT)  serves  the  needs  of  the  lymph  node 
rather  than  the  body's  need  for  energy  (Mattacks  and  Pond  1999),  and  accordingly, 
lipolysis  in  PAT  is  stimulated  by  chronic  inflammation  as  seen  by  the  increased 
fragmentation  of  lipid  droplets  in  perinodal  adipocytes  in  arthritic  mice  (Straub 
et  al.  201 1).  Further,  noradrenalin  and  the  cytokines  TNFa  and  IL-4  are  more  potent 
inducers  of  lipolysis  in  perinodal  than  in  perirenal  or  gonadal  adipocytes  (Mattacks 
and  Pond  1999).  PAT  is  further  distinguished  by  its  lipid  composition.  In  mesenteric 
lymph  nodes,  PAT  contains  more  polyunsaturated  fatty  acids  (PUFAs),  such  as  lin- 
oleic  acid  (18:2n-6)  and  a-linoleic  acid  (18:3n-3),  but  less  saturated  fatty  acids  such 
as  margaric  acid  (17:0)  and  stearic  acid  (18:0)  than  subcutaneous  adipose  depots 
(Westcott  et  al.  2005).  Interestingly,  the  fatty  acid  composition  of  triglycerides  of 
perinodal  adipocytes  correlates  with  the  fatty  acid  composition  of  phospholipids 
from  stimulated  lymph  nodes,  indicating  that  PAT  supplies  lipids  for  proliferating 
lymphoid  cells  (Pond  and  Mattacks  2003). 


6.4    Introduction  to  Lymphangiogenesis 

Biological  functions  of  the  lymphatic  system  such  as  lipid  absorption  and  immune 
cell  trafficking  set  it  apart  from  the  vascular  system.  Although  lymphangiogenesis, 
the  development  of  lymphatic  vessels,  has  received  far  less  attention  than  angiogen- 
esis,  interest  in  the  genetic  programming  of  lymphangiogenesis  has  been  growing 
recently  and  research  has  linked  many  unique  signaling  molecules  to  lymphangio- 
genesis (Karkkainen  et  al.  2004;  Fang  et  al.  2000).  Dr.  Florence  Sabin,  a  renowned 
scientist  in  the  early  1920s,  made  the  important  discovery  that  lymphatic  vessels 
originate  from  the  cardinal  vein,  budding  off  the  venous  vasculature  almost  like 
branches  on  a  tree  (Chikly  1997).  Since  then  many  molecules  have  been  identified 
in  the  key  steps  of  lymphangiogenesis,  the  commitment  to  lymphatic  endothelial 
cells,  migration  of  these  cells  into  tissues,  proliferation  of  newly  formed  primitive 
lymph  vessels,  separation  from  the  cardinal  vein,  and  maturation  of  the  lymphatic 
system  (Fig.  6.5)  as  discussed  in  more  detail  below. 
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Fig.  6.5  Molecular  events  in  lymphangiogenesis.  Schematic  representation  of  the  main  events 
occurring  during  lymphangiogenesis.  Lymphatic  endothelial  cell-commitment  occurs  through  the 
master  regulator  transcription  factor,  Prox-1.  One  of  the  major  determinants  for  proper  lymphatic 
development  regulated  by  Prox-1,  VEGF-C  interacts  with  its  receptor,  VEGFR3  to  induce  bud- 
ding, migration,  and  formation  of  primary  lymph  sacs.  Complete  separation  of  the  lymphatic  vas- 
culature ensues  through  the  expression  of  proteins  Syk  and  Slp76.  Finally  maturation  of  lymphatic 
vessels  such  as  valve  formation  and  smooth  muscle  cell  recruitment  takes  place  under  the  tran- 
scription factor  FOX2  and  proteins  such  as  angiopoietin-2  (Ang2),  EphrinB2,  and  podopianin 


6.4.1    Commitment  to  Lymphatic  Endothelium 

Lymphatic  development  begins  shortly  after  the  establishment  of  the  primary  vas- 
culature (Oliver  2004),  around  E  9.5-E  10.5  in  mice,  when  endothelial  cells  from 
cardinal  veins  start  to  express  cell-commitment  proteins  such  as  the  lymphatic 
endothelial  hyaluronan  receptor- 1,  LYVE-1,  and  the  transcription  factor  prospero- 
related  homeobox  1,  Proxl  (Wigle  et  al.  2002;  Wigle  and  Oliver  1999).  Budding  of 
the  lymphatic  vasculature  from  embryonic  veins  has  been  well  established  through 
thorough  genetic  and  developmental  studies  (Karkkainen  et  al.  2004;  Oliver  2004; 
Wigle  and  Oliver  1999). 

LYVE-1  guides  the  first  set  of  endothelial  cells  to  become  committed  to  the 
lymphatic  endothelial  phenotype  and  remains  expressed  in  mature  initial  lymphat- 
ics, but  is  mostly  absent  from  the  collecting  lymphatic  vessels  (Jackson  2004). 
Prox-1  has  been  termed  the  "master  regulator"  of  lymphatic  endothelium,  as  spe- 
cific deletion  of  Prox-1  during  embryogenesis  results  in  the  complete  absence  of  a 
lymphatic  vasculature  in  mouse  embryos  (Wigle  et  al.  2002).  Prox-1  target  genes 
have  been  only  loosely  identified,  but  include  proteins  such  as  the  vascular  endothe- 
lial growth  factor  receptor  3  (VEGFR3),  a  receptor  of  great  importance  for 
inflammation-induced  lymphangiogenesis,  and  the  fibroblast  growth  factor  recep- 
tor 3,  whose  function  has  not  been  described  in  detail  in  lymphatic  development 
(Wigle  et  al.  2002). 
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6.4.2    Migration  and  Proliferation 

Lymphatic  sprouting  is  initiated  and  maintained  by  the  interaction  of  VEGFR3  and 
its  associated  ligand,  vascular  endothelial  growth  factor  C  or  D,  VEGF-C/D,  which 
is  produced  in  large  quantities  by  the  surrounding  mesenchymal  cells  (Karpanen  and 
Alitalo  2008;  Tammela  et  al.  2005a).  VEGFR3  expression  is  very  high  during  lym- 
phatic commitment  and  remains  exclusively  expressed  on  lymphatic  endothelium 
while  being  lost  by  most  blood  endothelium  (Karpanen  and  Alitalo  2008;  Tammela 
et  al.  2005a).  Lymphatic  endothelial  cell  survival  is  completely  dependent  on  this 
intimate  connection  with  VEGFR3  and  its  ligands  during  embryogenesis.  VEGF-C 
is  abundantly  expressed  where  lymphatic  vessels  are  sprouting  and  VEGF-C  homo- 
zygous deletions  are  very  similar  in  phenotype  to  the  Prox-1  knockout,  with  a  com- 
plete absence  of  a  lymphatic  vascular  system  (Karkkainen  et  al.  2004).  Other  growth 
factors  associated  with  lymphatic  sprouting  are  neuropilin-2  (Yuan  et  al.  2002), 
insulin-like  growth  factors,  hepatocyte  growth  factor,  and  growth  hormone 
(Bjorndahl  et  al.  2005).  However,  most  of  the  effects  of  the  aforementioned  factors 
might  be  synergistic  as  they  ultimately  converge  to  the  tyrosine  kinase  pathway  of 
VEGFR3.  Lymphatic  vessel  growth  under  the  command  of  VEGFR3  and  its  ligands 
has  been  shown  to  occur  in  adulthood  during  pathologies  such  as  cancer  and  inflam- 
mation, which  will  be  discussed  further  in  this  chapter.  Adult  lymphangiogenesis 
mainly  occurs  through  the  expansion  and  sprouting  of  existing  lymphatic  vessels 
rather  than  de  novo  genesis  (Junghans  and  Collin  1989;  Jeltsch  et  al.  1997). 


6.4.3    Separation  from  the  Blood  Vasculature 

To  become  an  entity  separate  from  the  blood  vasculature,  the  newly  formed  lym- 
phatic vessels  must  physically  disconnect  from  the  embryonic  veins  they  originated 
from.  Separation  of  the  lymphatic  system  occurs  around  E  10-E  11  in  mice  and 
relies  heavily  on  the  intracellular  signaling  of  the  tyrosine  kinase  Syk  and  its  adaptor 
protein  Slp76  (Abtahian  et  al.  2003).  Abnormal  functioning  of  these  two  proteins 
due  to  mutations  can  produce  abnormal  lymphatico- venous  connections,  leading  to 
mixing  of  blood  and  lymphatic  compartments,  ultimately  ending  in  hemorrhaging 
and  perinatal  death  (Abtahian  et  al.  2003).  Furthermore,  separation  of  the  lymphatic 
system  has  been  shown  to  involve  the  interaction  of  the  glycoprotein  podoplanin 
with  the  C-type  lectin  receptor  2  (CLEC-2)  in  platelets  to  promote  platelet  aggrega- 
tion at  separation  zones  between  the  two  systems  (Suzuki-Inoue  et  al.  2006). 


6.4.4   Maturation  and  Remodeling 

At  this  stage  a  primitive  lymphatic  plexus  exists,  but  it  is  devoid  of  proper  architec- 
ture and  secondary  lymphatic  structures  such  as  smooth  muscle  cells,  basement 
membrane,  and  unidirectional  valves.  These  changes  are  the  most  profound  and 
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occur  at  the  latest  stage  of  development,  as  lymphatic  vessels  start  sprouting  from 
the  main  lymphatic  plexus  to  embed  various  organs  and  mucosal  surfaces  (Karpanen 
and  Alitalo  2008).  Maturation  of  lymphatic  vessels  is  governed  by  key  proteins  such 
as  ephrinB2,  angiopoietin-2  (Ang2),  and  the  forkhead  transcription  factor  FOXC2 
(Fang  et  al.  2000;  Makinen  et  al.  2005;  Petrova  et  al.  2004;  Tammela  et  al.  2005b). 
Ephrin  ligands  and  their  receptors  are  critical  in  the  formation  and  function  of  lumi- 
nal valves  as  well  as  the  remodeling  of  the  lymphatic  plexus  into  a  proper  lymphatic 
vascular  phenotype  (Makinen  et  al.  2005).  Ang2  can  also  signal  through  its  receptor 
Tie2  to  initiate  many  lymphatic  changes,  such  as  proper  formation  of  initial  lym- 
phatics and  smooth  muscle  cell  recruitment  (Gale  et  al.  2002).  During  adulthood, 
FOXC2  is  abundantly  expressed  in  the  valves  in  collecting  lymphatics  (Petrova 
et  al.  2004)  and  has  been  shown  to  be  critical  for  proper  valve  formation  and  smooth 
muscle  recruitment.  It  has  been  shown  recently  that  FOXC2  is  a  downstream  target 
of  VEGFR3  signaling  and  is  an  important  mediator  for  defining  lymphatic  collector 
phenotype  (Norrmen  et  al.  2009). 


6.5    Adipose  Tissue  and  Lymphangiogenesis 

Adipose  tissue  acts  as  an  endocrine  organ  and  releases  a  variety  of  adipocytokines 
that  can  influence  local  microcirculation.  In  return,  the  neighboring  microcircula- 
tion provides  adipocytes  with  the  necessary  fuel  and  nutrition  to  develop  normally. 
Specifically,  the  lymphatic  circulation  provides  a  critical  route  for  lipid  transport  to 
the  blood  and  fat  deposits,  allowing  for  normal  fat  expansion.  Adipocytokines 
released  by  adipocytes  include  but  are  not  limited  to  leptin,  adiponectin,  IL-6,  and 
TNFoc  (Drevon  2005;  Guerre-Millo  2004).  In  addition  to  cytokines,  adipocytes  can 
also  release  many  different  growth  factors  that  have  been  shown  recently  to  stimu- 
late lymphatic  growth  (Fig.  6.6).  Ang-2  for  instance  has  been  shown  to  be  expressed 
by  adipocytes  and  leads  to  increased  lymphangiogenesis  in  a  mouse  corneal  model 
(Morisada  et  al.  2005).  Furthermore,  adipose  tissue  has  been  shown  to  directly 
secrete  the  lymphangiogenic  factor  VEGF-C  (Voros  et  al.  2005). 

Leptin,  an  anti-satiety  signal,  has  also  emerged  recently  as  a  lymphangiogenic 
growth  factor,  most  likely  signaling  through  the  Akt/ERKl/2  proliferation  pathway 
(Drabkin  and  Gemmill  2010).  Adipose-derived  stem  cells  have  also  been  shown  to 
directly  promote  lymphangiogenesis  when  exposed  to  VEGF-C  (Hwang  et  al.  201 1; 
Yan  et  al.  201 1).  These  studies  are  based  on  the  observation  that  adipose  stem  cells 
differentiate  into  lymphatic-committed  cells  when  harvested  with  VEGF-C  on 
matrigel  plugs  (Hwang  et  al.  2011;  Yan  et  al.  2011).  This  effect  could  also  be  mim- 
icked with  TGF-pl  inhibition,  implicating  an  immune  component  to  lymphatic 
endothelial  cell  development  (Yan  et  al.  2011;  Oka  et  al.  2008). 

Finally,  adipose-associated  immune  cells  such  as  macrophages  can  stimulate 
lymphangiogenesis  through  their  production  of  VEGF-C  (Cho  et  al.  2007)  (Fig.  6.6). 
These  events  could  possibly  increase  overall  lymphatic  transport  of  lipids  to  the 
bloodstream;  however,  further  studies  are  needed  to  demonstrate  this.  Interestingly, 
evidence  points  to  macrophages  as  potential  lymphatic  precursors,  and  as 


6    Lymphatic  System  in  Adipose  Tissues 


117 


Lymphatic  Contractility 


PGE2 
PGI2 
TNF-a 
IL-6 

NO 


Macrophages 


r 


TNF-a 
IL-6 


Apolipo  protein 
Leptin 
TNF-a 
Lipids 
LDL 


Adipocytes 


J 


VEGFC 
VEGFD 

Leptin 
Ang2 
TGFp 


Lymphangiogenesis 

Fig.  6.6  Modulation  of  lymphatic  contractility  and  lymphangiogenesis  by  adipocytes  and  associ- 
ated macrophages.  Adipocytes  and  associated  macrophages  can  release  many  substances  that  have 
been  shown  to  induce  lymphatic  growth.  Notably,  adipocytes  release  VEGF-C,  VEGF-D,  leptin, 
Angiopoetin-2  (Ang2),  and  transforming  growth  factor  p  (TGFP)  that  can  all  promote  lymphangio- 
genesis. Furthermore,  macrophages  that  reside  within  the  adipocyte  milieu  can  release  inflamma- 
tory substances  such  as  tumor  necrosis  factor  a  (TNFa)  and  interleukin-6  (IL-6)  that  can  promote 
lymphatic  growth  in  inflammatory  situations.  Many  factors  that  originate  from  adipose  tissue  and 
its  resident  macrophages  are  also  known  to  alter  lymphatic  contractility.  The  demonstration  of 
such  adipose-mediated  modulation  of  lymphatic  pumping  has  yet  to  be  documented 


macrophages  are  intimately  linked  with  adipose  tissue,  these  cells  could  be  another 
factor  promoting  lymphatic  proliferation  in  adipose-associated  tissues  (Maruyama 
et  al.  2005,  2007). 


6.6    Inflammation,  Tumor- Associated  Lymphangiogenesis, 
and  Adipose  Tissue 

Adult  lymphangiogenesis  is  not  a  normal  occurrence;  it  is  rather  related  to  patholo- 
gies such  as  inflammation  and  cancer. 


6.6.1  Inflammation 

Lymphangiogenesis  has  been  implicated  in  inflammatory  disorders,  including  cor- 
neal, airway,  and  skin  inflammation  (Bock  et  al.  2008;  Baluk  et  al.  2005;  Enholm 
et  al.  2001;  Halin  et  al.  2008).  Furthermore,  adipocytokines  have  been  shown  to 
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have  inflammatory  effects  in  many  disease  models  (Tray hum  and  Wood  2004; 
Schaffler  et  al.  2005).  Leptin  has  been  associated  with  pro-inflammatory  signaling 
in  inflammatory  diseases  such  as  rheumatoid  arthritis,  atherosclerosis,  and  inflam- 
matory bowel  disease  (IBD)  (as  reviewed  in  Procaccini  et  al.  (2012)).  In  the  case  of 
IBD,  which  encompasses  two  diseases:  Crohn's  disease  and  ulcerative  colitis,  both 
exhibit  increases  in  mesenteric  adipose  tissue  accumulation.  In  fact,  it  has  been 
shown  that  mesenteric  adipose  tissue  from  IBD  patients  has  increased  leptin  expres- 
sion (Barbier  et  al.  2003).  Furthermore,  Crohn's  disease  is  classically  characterized 
by  an  increased  fat  deposition,  or  creeping  fat,  which  is  "wrapping"  around  the 
inflamed  intestine,  and  is  often  involving  adipocyte  hyperplasia  (Peyrin-Biroulet 
et  al.  2007).  Since  leptin  has  been  shown  to  be  lymphangiogenic  (Drabkin  and 
Gemmill  2010),  these  observations  could  make  the  important  connecting  link 
between  the  observed  lymphangiogenesis  and  IBD  (Pedica  et  al.  2008;  Kaiserling 
et  al.  2003;  Geleff  et  al.  2003).  This  further  highlights  the  role  of  adipose  tissue  in 
inflammation  and  in  stimulated  inflammation-associated  lymphangiogenesis.  In  the 
near  future,  associations  between  other  adipocytokines  and  lymphangiogenesis  will 
be  integral  to  our  thorough  understanding  of  adipose  tissue  and  its  role  in 
inflammation. 

Inflammatory  conditions  not  only  induce  lipolysis,  but  affect  the  lipid  composi- 
tion in  perinodal  adipose  tissue  (PAT)  as  well.  In  contrast  to  healthy  subjects,  the  n-3 
PUFA  content  of  PAT  is  not  higher  than  that  of  other  adipose  depots  in  patients  with 
Crohn's  disease  (Westcott  et  al.  2005).  On  the  other  hand,  trinitrobenzene  sulfonic 
acid  (TNBS)-induced  colitis  increases  n-6  PUFA  content  of  PAT  (Acedo  et  al. 
201 1).  This  is  very  interesting,  because  PUFAs  have  the  ability  to  modulate  immune 
responses.  The  n-3  PUFA  docosahexaenoic  acid,  for  example,  inhibits  dendritic 
cell-mediated  activation  of  T-cells  and  thereby  limits  lipopolysaccharide-induced 
immune  responses  (Weatherill  et  al.  2005).  Accordingly,  the  reduced  content  of  n-3 
PUFAs  in  Crohn's  disease  could  exacerbate  inflammation. 

VEGF-C  is  a  potent  lymphangiogenic  factor  when  bound  to  its  receptor, 
VEGFR3,  on  lymphatic  endothelial  cells.  Interestingly,  a  2005  clinical  study  that 
assessed  the  levels  of  various  vascular  growth  factors  in  lean  and  obese  patients 
found  that  serum  VEGF-C  was  elevated  in  obese  subjects  (Silha  et  al.  2005). 
Whether  clinical  obesity  is  associated  with  increased  lymphangiogenesis  is  still 
unclear,  and  even  if  new  lymphatic  growth  is  stimulated  in  obesity,  the  functional 
physiology  of  these  "new"  lymphatic  vessels  remains  to  be  studied.  Obesity,  which 
is  now  being  recognized  as  a  low-grade  inflammatory  disorder,  is  associated  with  an 
increase  in  adipocytokine  production  from  increased  fat  mass,  such  as  leptin,  which 
has  been  shown  to  induce  lymphangiogenesis  (Silha  et  al.  2005).  Adipose  tissue 
hypoxia  in  obesity  can  also  be  a  key  source  for  dynamic  changes  in  the  lymphatic 
vasculature.  Hypoxic  adipose  tissue  has  been  shown  to  stimulate  the  secretion  of 
lymphaniogenic  leptin  and  VEGF-C  (Wang  et  al.  2007).  Furthermore,  obesity- 
related  adipose  tissue  hypoxia  has  been  implicated  in  proliferative  angiogenesis 
(Xue  et  al.  2009;  Michailidou  et  al.  2012)  and  it  seems  plausible  that  obesity  also 
promotes  lymphangiogenesis.  Since  blood  vessels  require  the  nearby  presence  of 
lymphatic  vessels  for  maintaining  tissue  fluid  homeostasis,  it  is  likely  that 
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obesity-associated  hypoxia  induces  lymphangiogenesis.  In  fact  target  genes  of 
hypoxia  signaling  through  the  transcription  factor  hypoxia-inducible  factor  1  (HIF- 
1),  such  as  VEGF-A,  -C,  -D,  are  common  to  both  proliferation  of  new  blood  and 
lymphatic  vessels  (Hopfl  et  al.  2004;  Okada  et  al.  2005;  Schoppmann  et  al.  2006). 


6.6.2  Cancer 

Cancer  metastasis,  the  spread  of  cancerous  cells  to  other  organs  and  tissues,  com- 
monly occurs  through  the  tumor-draining  lymph  node  (as  reviewed  in  Albrecht  and 
Christofori  (2011)).  To  infiltrate  the  lymph  node  and  reach  the  blood  circulation, 
cancerous  cells  must  access  the  lymphatic  vasculature.  Tumor-associated  lymphatic 
vessels  can  aid  in  the  spread  or  metastasis  of  cancer  in  several  ways.  Lymphatic  ves- 
sels are  lined  with  lymphatic  endothelial  cells  that  are  a  source  of  the  chemokine 
ligand  CCL21  that  can  attract  many  different  immune  cells  that  express  the  receptor 
CCR7,  such  as  macrophages  and  dendritic  cells.  In  a  cancerous  environment,  the 
CCL21-CCR7  interaction  could  provide  tumor  cells  with  the  ability  to  migrate  to 
nearby  tissues  via  lymphatic  conduits.  This  has  in  fact  been  shown  in  CCR7  express- 
ing melanoma  cells  (Wiley  et  al.  2001).  Access  to  the  lymph  nodes,  i.e.,  afferent 
lymphatic  vessels,  has  also  been  shown  to  be  increased  in  cancer  patients  (Chen 
et  al.  2011;  Da  et  al.  2008;  Deng  et  al.  2009;  Gao  et  al.  2008;  Guo  et  al.  2009;  Raica 
et  al.  2011).  Notably  in  animal  models,  tumor-associated  lymphangiogenesis  has 
been  associated  with  an  increase  in  lymphaniogenic  factors  such  as  VEGFC  and 
VEGFD  (Karpanen  et  al.  2001;  Skobe  et  al.  2001a).  However,  most  of  these  newly 
formed  vessels  are  often  collapsed,  suggesting  inefficient  or  obstructed  lymph 
drainage  (Albrecht  and  Christofori  2011). 

Tumor  progress  and  fate  is  intimately  linked  to  inflammation  as  tumors  are  often 
associated  with  a  strong  immune  response  and  inflammatory  infiltrate  (reviewed  in 
Grivennikov  et  al.  (2010)).  Accordingly,  lymphatic  vessels  not  only  provide  a  route 
for  tumor  cell  movement  but  also  provide  an  efficient  route  for  tumor- specific 
immune  responses.  In  fact,  growth  of  new  lymphatic  vessels  has  been  closely  related 
to  cancer  metastasis  (Skobe  et  al.  2001a,  b;  Stacker  et  al.  2001),  and  new  therapies 
have  been  developed  or  are  underway  to  interfere  with  this  process  (Burton  et  al. 
2008;  Lin  et  al.  2005;  Roberts  et  al.  2006).  Furthermore,  newly  generated  blood 
vessels  associated  with  tumors  are  functionally  impaired  or  exhibit  abnormal  per- 
meability, leading  to  excess  interstitial  leakage  (Jain  2003, 2005).  Lymphangiogenesis 
in  tumors,  therefore,  could  be  compensatory  for  the  increases  in  interstitial  fluid  and 
pressures. 

Adipose  tissue  has  been  shown  to  be  intimately  associated  with  the  microenvi- 
ronment  of  many  tumors  (Nakamura  et  al.  2011;  Ribeiro  et  al.  2012;  Wang  et  al. 
2012).  Peritumoral  adipose  tissue,  being  an  active  endocrine  system,  can  release 
many  mediators  that  may  promote  tumor  microenvironment-associated  lymphan- 
giogenesis. For  example,  peritumoral  adipose  tissue  in  a  melanoma  model  has  been 
shown  to  upregulate  the  expression  of  inflammatory  and  lymphangiogenic  media- 
tors, such  as  MCP-1,  VEGF-C,  and  IL-6  (Wagner  et  al.  2012). 
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6.7    Lymphangiogenesis  as  a  Therapeutic  Target  for 
Treatment  of  Obesity  and  Metabolic  Disorders 

Obesity  is  a  current  pandemic  in  industrialized  countries,  with  over  one  billion  esti- 
mated to  be  overweight  worldwide  (Bruemmer  2012).  Current  pharmacological 
treatments,  diet,  and  exercise  have  limited  efficacy  (Bruemmer  2012).  Obesity  and 
associated  metabolic  disorders  have  been  deemed  very  complex  illnesses  with  many 
different  etiopathologies  such  as  genetic  predisposition  and  immune  dysfunction. 
Obesity  can  alter  physiology  on  many  levels,  including  type  2  diabetes  and  vascular 
dysfunction  leading  to  hypertension  and  cardiovascular  diseases. 

Adipose  tissue  is  a  richly  vascularized  tissue,  and  angiogenesis  has  been  shown 
to  have  important  modulatory  effects  in  obesity,  specifically  through  angiogenesis- 
mediated  adipocyte  expansion  (Pandya  et  al.  2006).  Evidence  for  pathological 
angiogenesis  has  been  shown  in  obesity-related  disorders  (Pandya  et  al.  2006; 
Rupnick  et  al.  2002;  Yoon  and  Kim  2011),  therefore  anti-angiogenic  drugs  could 
have  a  possible  therapeutic  role  in  obesity.  The  basis  of  this  hypothesis  stems  from 
the  knowledge  that  blood  vessels  provide  a  positive  growth  milieu  for  adipose  tissue 
expansion.  Since  this  milieu  involves  different  growth  factors,  hormones,  and 
inflammatory  cells,  the  lymphatic  system  becomes  an  important  partner  in  adipose 
tissue  growth. 

Lymphatic  vessels  carry  lymph,  excess  interstitial  fluid  that  is  no  longer  needed 
in  the  tissue  microenvironment.  If  the  adipose  lymphatic  vasculature  is  not  function- 
ing properly,  one  can  assume  a  backup  of  lymph  within  adipose  tissue.  Lymph  is  the 
major  exit  for  inflammatory  cells  from  adipose  tissue;  therefore,  lymphatic  vessel 
function  is  integral  to  adipose  tissue  physiology.  Unfortunately,  there  is  very  little 
evidence  to  date  to  support  a  connection  between  lymphatic  function/lymphangio- 
genesis  and  obesity. 

As  discussed  previously,  the  work  of  Harvey  et  al.  (2005)  on  the  Prox-1  haploin- 
sufficient  mouse  and  its  associated  late-onset  obesity  opened  the  door  to  connecting 
the  promotion  of  obesity  to  lymphatic  dysfunction.  Prox-1  haploinsufficiency 
resulted  in  dysfunctional  lymphatics,  promoting  lymph  stasis  and  obesity. 
Subsequent  studies,  including  the  tail  injury  model  of  lymphatic  disruption  leading 
to  lymph  stasis  and  increases  in  adipose  tissue  deposition  (Aschen  et  al.  2012; 
Zampell  et  al.  2012),  corroborate  the  findings  of  Harvey  et  al. 

Following  earlier  observations,  a  more  recent  clinical  paper  has  shown  increased 
levels  of  VEGF-C  in  sera  from  obese  subjects  (Wada  et  al.  2011).  The  increase  in 
VEGF-C  has  been  shown  to  be  more  closely  correlated  to  obesity-related  metabolic 
dysfunctions  such  as  insulin  and  lipid  parameters,  than  the  observed  increase  in 
VEGF-A.  These  findings  were  further  confirmed  with  the  apolipoprotein  E-deficient 
mouse  model  of  obesity  (Lim  et  al.  2009).  These  mice,  when  fed  a  high  fat  diet, 
exhibited  a  significant  increase  in  VEGF-C  levels  associated  with  atherosclerosis 
and  hypercholesterolemia,  with  no  changes  in  VEGF-A.  These  data  suggest  a  more 
important  role  for  lymphangiogenesis  than  angiogenesis  in  promoting  metabolic 
disorders  and  atherosclerosis  in  obesity. 
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Unlike  the  development  of  anti-angiogenic  agents,  anti-lymphangiogenic  agents 
have  not  yet  been  tested  clinically.  However,  there  is  great  promise  for  anti- 
lymphangiogenic  therapy  in  the  context  of  many  disorders  including  corneal  graft 
rejection  and  cancer  (Nagahashi  et  al.  2010;  Niederleithner  et  al.  2012;  Kojima  et  al. 
2008).  As  research  grows  in  the  area  of  lymphatic  pathophysiology  and  lymphan- 
giogenesis,  anti-lymphangiogenic  agents  could  be  a  possible  avenue  for  the  treat- 
ment of  obesity,  given  the  important  connections  that  have  been  laid  down  between 
the  lymphatic  system  and  obesity. 


6.8  Conclusion 

Adipose  tissue  is  recognized  as  a  dynamic  organ  system  requiring  proper  vascular- 
ization. Recent  literature  is  providing  new  evidence  for  the  relationship  that  exists 
between  the  adipose  system  and  the  lymphatic  system.  Specifically,  adipocyte- 
mediated  lymphangiogenesis  is  beginning  to  receive  much  more  attention,  espe- 
cially within  the  context  of  inflammation  and  immune  cell  trafficking.  Moreover, 
research  suggests  that  many  adipocytokines  could  directly  modulate  lymphatic  con- 
tractility, having  implications  on  lymph  movement  throughout  the  lymphatic  sys- 
tem. Being  indispensable  for  lipid  absorption,  abnormalities  in  the  lymphatic  pump 
system  could  have  drastic  implications  for  proper  adipocyte  development. 

Lymphangiogenesis  and  lymphatic  function  have  now  been  recognized  as 
important  players  in  many  inflammatory  disorders,  as  well  as  tumorigenic  environ- 
ments. Gaining  a  better  understanding  of  the  relationship  between  adipocyte  and 
lymphatic  biology  could  possibly  lead  to  the  development  of  new  therapeutic  or 
diagnostic  tools  to  tackle  adipocyte-related  disorders  such  as  obesity  and  vascular 
inflammation. 
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Chapter  7 

Origin  of  Adipocyte  Precursors  from  Adipose 
Vascular  Endothelium 


Andrea  Frontini,  Silvia  Corvera,  and  Saverio  Cinti 


Abstract  Morphological  and  immunohistochemical  data  suggest  that,  during 
mouse  and  rat  development,  capillary  endothelial  cells  of  both  classic  white  and 
classic  brown  mouse  fat  depots  transform  into  pericytes,  which  have  been  shown  in 
numerous  studies  to  display  characteristics  of  white  and  brown  preadipocytes. 
Lineage  studies  also  support  the  hypothesis  that  adipocytes  from  both  mouse  depots 
are  derived  from  cells  that  express  classical  endothelial  cell  markers  during  devel- 
opment. That  this  developmental  process  may  also  occur  in  humans  is  supported  by 
the  demonstration  that  human  fat  explants  give  rise  to  tubular  capillary-like  struc- 
tures, composed  by  cells  with  structural  and  molecular  markers  of  endothelial  cells, 
that  can  be  converted  into  adipocytes  after  treatment  with  rosiglitazone.  These  find- 
ings will  enable  further  identification  of  the  biochemical  and  physiological  cues  that 
enable  conversion  of  endothelial  and  preadipocyte  precursors  to  adipocytes  during 
normal  growth  and  in  obesity. 
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7.1    Plasticity  of  the  Adipose  Organ:  An  Old  View 
as  a  New  Concept 

7.1.1    Adipose  Tissue  as  an  Organ 

Obesity  is  a  widespread  condition  that  shortens  life  expectancy  due  to  its  associated 
metabolic  and  cardiovascular  disorders.  Hypertrophy  and  hyperplasia  of  white  adi- 
pose tissue  (WAT)  are  the  basic  cellular  processes  characterizing  this  pathological 
condition  (Friedman  2000;  Korner  and  Aronne  2003).  Adipogenesis  is  an  extremely 
dynamic  process,  both  throughout  development  and  during  the  maintenance  of  tis- 
sue homeostasis  in  adulthood  (Arner  et  al.  2011).  Thus,  a  better  understanding  of 
the  mechanisms  that  underlie  the  adipocyte  life  cycle  could  be  very  important  for 
the  development  of  future  therapies.  Adipose  tissue  is  generally  regarded  as  a  form 
of  connective  tissue,  distributed  throughout  the  body  with  no  specific  anatomy. 
However,  systematic  observations  in  both  rodents  and  humans  support  the  idea  that 
adipose  tissue  is  an  organ  composed  of  specific  depots,  with  discrete  anatomy,  spe- 
cific vascular  and  nerve  supplies,  and  complex  cytology  and  high  physiologic  plas- 
ticity (Frontini  and  Cinti  2010).  The  depots  of  the  adipose  organ  are  located  in  two 
compartments  of  the  body:  below  the  skin  (subcutaneous  depots)  and  inside  the 
peritoneal  cavity  (visceral  depots)  (Fig.  7.1).  In  both  cases,  the  main  parenchymal 
cells  of  the  organ  are  the  adipocytes,  but  also  highly  relevant  are  vascular  compo- 
nents and  cells  of  hematopoietic  origin. 


7.1.2    Types  of  Adipocytes 

Different  types  of  adipocytes  can  be  distinguished  by  morphological  and  biochemi- 
cal characteristics  (Cinti  1999).  Two  clearly  distinct  types  are  distinguished  by:  (a) 
large  spherical  cells  with  a  discoid  nucleus,  where  90  %  of  the  cell  volume  is  com- 
prised of  a  cytoplasmic  single  lipid  droplet,  and  containing  mitochondria  with 
sparsely  packed  cristae  (white  adipocytes),  and  (b)  smaller,  polygonal  cells  with  a 
spherical  nucleus,  multiple  smaller  lipid  droplets,  and  numerous,  large  mitochon- 
dria with  highly  packed  cristae  (brown  adipocytes)  (Cinti  2005).  Biochemically,  the 
most  classical  difference  between  white  and  brown  adipocytes  is  the  presence  in  the 
latter  of  a  unique  protein  (uncoupling  protein  1,  UCP1)  able  to  uncouple  oxidative 
phosphorylation  and  thereby  generate  heat  (Cannon  and  Nedergaard  2004).  The 
morphological  and  biochemical  features  are  associated  with  distinct  functions, 
where  white  adipocytes  store  energy  to  supply  the  metabolic  needs  of  the  organism 
and  brown  adipocytes  consume  energy  for  the  purpose  of  thermogenesis. 
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Fig.  7.1  In  the  middle  of  the  image,  it  is  showed  the  adipose  organ  of  an  adult  Svl29  female  mice 
kept  at  28  °C.  Individual  depots  are  dissected  out  and  placed  on  their  anatomical  position.  The 
mixed  composition  (WAT-BAT)  is  evident  also  at  gross  anatomy  level.  In  the  top  left  side,  a  multi- 
locular  brown  adipocyte  with  numerous  and  big  rounded  shape  mitochondria  is  visible  by 
Transmission  Electron  Microscopy  (TEM).  On  the  top  right  side,  vascular  casting  of  BAT  dis- 
closed the  rich  vascular  network  visualized  by  Scanning  Electron  Microscopy  (SEM).  At  the  bot- 
tom of  the  image  on  the  left  a  classical  white  adipocyte  with  the  unilocular  lipid  filling  droplet 
(TEM).  On  the  right,  SEM  appearance  of  white  adipocyte  surrounded  by  a  capillary 

7.1.3    Relationship  Between  Depots  and  Adipocyte  Types 

The  several  subcutaneous  and  visceral  depots  forming  the  adipose  organ  in  mice 
contain  both  white  and  brown  adipocytes,  albeit  at  very  different  proportions.  In 
addition,  comparison  of  the  adipose  organ  of  two  different  strains  of  mice  (B6  and 
Svl29)  revealed  the  presence  of  intermediate  forms  of  adipocytes  in  all  depots 


134 


A.  Frontini  et  al. 


(Vitali  et  al.  2012).  These  intermediate  adipocytes  are  multilocular  but  do  not 
express  the  UCP1  protein,  and  their  mitochondria  display  intermediate  features 
between  those  found  in  classical  white  and  brown  adipocytes.  Another  intermediate 
form  (paucilocular  adipocyte)  contains  a  predominant  lipid  droplet,  and  expresses 
detectable  levels  of  UCP-1,  albeit  at  significantly  lower  levels  compared  to  classical 
brown  adipocytes,  suggesting  they  have  a  weak  thermogenic  capacity  (Barbatelli 
et  al.  2010).  All  these  intermediate  steps  are  present  within  the  rodent  adipose  organ, 
and  their  prevalence  is  affected  by  genetic  and  environmental  conditions;  for  exam- 
ple, they  are  more  abundant  in  the  obesity-resistant  Svl29  mouse  strain.  In  addition, 
these  intermediate  adipocyte  forms  are  usually  located  in  areas  at  the  boundary 
between  classic  compact  WAT  and  classic  compact  brown  adipose  tissue  (BAT). 
This  localization  is  suggestive  of  a  "continuum"  from  white  to  brown  adipocytes 
with  the  intermediate  forms  representing  alternative  routes  of  differentiation,  or 
trans-differentiation  events  resulting  in  specific  morphological  features  and  patterns 
of  gene  expression  (Cinti  2009). 


7.1.4    Origin  of  Adipocyte  Subtypes 

The  apparent  morphological  and  functional  continuum  between  brown  and  white 
adipocytes  suggests  the  possibility  of  a  common  precursor  able  to  give  rise  to  brown 
or  white  adipocytes  depending  on  the  organism  needs  (Gupta  et  al.  2012;  Tran  et  al. 
2012).  Consistent  with  this  hypothesis  are  previously  published  data  and  recent 
studies,  which  suggest  that  white  to  brown  trans-differentiation  is  a  physiological 
phenomenon  in  adult  mammals  and  it  can  be  induced  by  different  physiological 
conditions  (such  as  cold  exposure  or  physical  exercise)  and  also  with  drug  treat- 
ments (e.g.,  P3-AR  agonist)  (Barbatelli  et  al.  2010;  De  Matteis  et  al.  2012). 
Furthermore,  all  mammals,  including  adult  humans,  have  discrete  amounts  of  meta- 
bolically  active  BAT  mixed  with  WAT  (Cypess  et  al.  2009;  Saito  et  al.  2009;  van 
Marken  Lichtenbelt  et  al.  2009;  Virtanen  et  al.  2009).  BAT  have  anti-obesity  proper- 
ties (Bachman  et  al.  2002;  Lowell  et  al.  1993;  Kopecky  et  al.  1995;  Nedergaard  et  al. 
2011)  and  brown  adipocyte  (BA)  precursors  can  be  found  in  the  adipose  organ  of 
adult  humans  (Zingaretti  et  al.  2009).  Thus  investigation  on  the  molecular  basis 
of  adipose  tissue  formation  and  on  its  stem  cell  niche,  both  for  WAT  and  BAT,  are  of 
paramount  importance  for  future  therapies  of  obesity  and  to  better  understand  the 
homeostatic  mechanisms  of  this  extremely  plastic  organ. 


7.2    Adipocyte  Precursors  and  Vasculature:  State  of  the  Art 

Adipose  tissue  growth  is  mediated  by  adipocyte  hypertrophy,  where  individual  adi- 
pocytes expand  to  accommodate  additional  lipid  storage,  and  adipocyte  hyperpla- 
sia, which  involves  formation  of  new  adipocytes  from  the  preadipocyte  pool. 
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Much  is  known  about  the  morphological  aspects  and  molecular  mechanisms  by 
which  preadipocytes  differentiate  into  mature  adipocytes  in  vitro  (Rosen  et  al.  2000; 
Farmer  2006;  Tontonoz  and  Spiegelman  2008;  Kajimura  et  al.  2010)  and  in  vivo 
(Napolitano  1963;  Soukas  et  al.  2001);  however,  the  identity  of  the  precursor  cells 
that  can  give  rise  to  committed  preadipocytes  is  less  clear.  In  addition,  adipose  tis- 
sue growth  is  absolutely  dependent  on  the  expansion  of  its  capillary  network,  which 
is  required  to  supply  oxygen,  deliver  free  fatty  acids  for  storage,  and  allow  the 
proper  endocrine  function  of  adipose  tissue  (Hausman  and  Richardson  2004; 
Christiaens  and  Lijnen  2010).  How  the  growth  and  differentiation  of  adipocytes  are 
coordinated  with  the  growth  of  capillaries  to  form  functional  adipose  tissue  is 
another  important  question  in  this  area. 


7.2.1    Development  of  Adipose  Tissue  During  Embryogenesis 

Adipose  tissue  is  generally  thought  to  originate  from  the  mesoderm.  Embryonic 
mesoderm  gives  rise  to  mesenchymal  stem  cells,  which  in  turn  give  rise  to  adipose 
stem  cells  (Gesta  et  al.  2007).  Under  appropriate  conditions,  adipose  stem  cells 
develop  into  committed  white  and  brown  preadipocytes  and  ultimately  mature  adi- 
pocytes. However,  no  single,  functional  molecular  marker  expressed  specifically  by 
adipocyte  stem  cells  has  been  identified,  and  thus  the  exact  nature  of  these  precur- 
sors, the  specific  steps  and  factors  that  determine  their  commitment  to  preadipo- 
cytes and  subsequent  differentiation,  are  not  clear.  Of  note,  brown  adipocytes 
forming  the  classic  BAT  depot  have  been  hypothesized  to  originate  from  a  cell  lin- 
eage common  to  myocytes  (Myf5)  and  fundamentally  different  from  the  white  adi- 
pocyte lineage  (Timmons  et  al.  2007;  Seale  et  al.  2008).  The  origin  of  the  newly 
formed  brown  adipocytes  found  in  the  adipose  organ  after  cold  exposure  or  treat- 
ment with  P3-AR  agonist  (phenomena  called  browning)  is  under  debate  and  the  data 
are  not  still  conclusive.  However,  several  independent  lines  of  research  have  pro- 
duced contradictory  results  ascribing  the  origin  of  brown  adipocytes  to  different  cell 
lineages  (Barbatelli  et  al.  2010;  Petrovic  et  al.  2010;  Lee  et  al.  2012;  Wu  et  al.  2012). 


7.2.2    Morphological  Evidence  That  Pericytes  Give  Rise 
to  White  Adipocytes 

Recent  (Amos  et  al.  2008;  Crisan  et  al.  2008;  Tang  et  al.  2008)  and  old  data  (Iyama 
et  al.  1979;  Cinti  et  al.  1984;  Tavassoli  1976)  support  the  hypothesis  that  the  vascu- 
lar wall  of  adipose  tissue  capillaries  is  the  niche  where  adipose  stem  cells  reside. 
Indeed,  there  is  a  strong  convergence  of  morphological  evidence  that  suggests  that 
pericytes  of  adipose  tissue  capillaries  are  adipose  stem  cells  of  both  white  and 
brown  adipose  depots.  The  epididymal  fat  (eWAT)  is  widely  considered  as  classic 


136 


A.  Frontini  et  al. 


Fig.  7.2  Morphological 
aspects  of  eWAT  at  P7.  (a) 
Light  microscopy  of  eWAT  in 
a  postnatal  mice  in  which  are 
evident  the  large  capillaries 
(cap)  associated  with 
preadipocytes  with  small 
lipid  droplets  accumulation 
(L).  The  capillaries  are 
extremely  numerous  and 
about  threefold  larger  than 
those  found  in  adult  eWAT. 
(b)  TEM  of  vasculo- 
adipocytic  island.  The  black 
squared  area  and  the  area 
pointed  by  black  arrow  are 
enlarged  in  Fig.  7.3 


murine  "pure"  white  fat  depot.  Its  development  starts  in  rats  in  the  days  immediately 
following  birth  (similar  results  were  found  also  in  mice  but  with  a  slightly  different 
timing).  Before  birth  its  morphology  shows  the  typical  features  of  a  poorly  differen- 
tiated mesenchymal  tissue  with  a  homogeneous  population  of  fibroblast-like  cells  in 
a  loose  connective  matrix  with  small  and  sparse  capillaries.  Both  endothelial  cells 
of  capillaries  and  mesenchymal  fibroblast-like  cells  are  often  in  mitosis.  At  the  post- 
natal day  4-6  (P4-6)  the  morphology  of  eWAT  change  dramatically  (Fig.  7.2a).  At 
this  time  it  is  formed  by  well-circumscribed  areas  in  which  adipocytes  at  different 
stages  of  differentiation  are  visible.  These  areas  are  delimited  by  fibroblast-like 
cells  and  into  these  areas  numerous  unusual  large  capillaries  are  visible.  Thus,  adi- 
pogenesis  appear  to  be  restricted  into  these  areas  characterized  by  large  capillaries 
(vasculo-adipocytic  islets). 

Electron  microscopy  revealed  that  the  interstitial  matrix  into  vasculo-adipocytic 
islets  was  dense  of  collagen  fibrils  that  were  sparse  in  the  rest  of  the  tissue  outside 
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Fig.  7.3  Ultrastructure  of 
endothelial  cells,  pericytes, 
and  preadipocytes  in  the 
vasculo-adipocytic  island, 
(a)  Poorly  differentiated  cells 
in  pericapillary  position 
(most  likely  been  pery cites; 
p)  with  glycogen 
accumulation  (arrow)  and 
surrounded  by  a  distinct  basal 
membrane,  (b)  Preadipocyte 
(pa)  with  small  lipids  droplets 
(L)  where  often  found  in 
mitosis  and  in  association 
with  endothelial  cells  (e) 


the  islets  (Fig.  7.2b).  Of  note,  all  adipocytes  and  preadipocytes  as  defined  bona  fide 
by  their  lipid  content  were  present  only  into  these  vasculo-adipocytic  islets,  suggest- 
ing that  these  islets  are  the  site  of  preadipocyte  proliferation  and  development.  The 
wall  of  capillaries  was  often  thick  and  endowed  with  abundant  pericytes  (Fig.  7.3). 
Fibroblasts,  macrophages,  and  mastocytes  were  also  present  into  the  islets.  Lipid 
accumulation,  small/elongated  mitochondria,  short  strands  of  RER,  large  cytoplas- 
mic areas  containing  only  ribosomes  and  polyribosomes,  together  with  the  external 
lamina  were  the  main  structural  characteristics  of  preadipocytes  at  the  earliest  stage 
of  differentiation.  These  cells  were  always  in  tight  contact  with  the  wall  of  capillar- 
ies. Several  intermediate  aspects  between  pericytes  and  poorly  differentiated  preadi- 
pocytes were  found,  but  pericytes  appeared  more  often  without  lipid  droplets  and 
with  glycogen  particles  in  variable  amount,  in  line  with  the  use  of  glycogen  by 
preadipocytes  forming  triacyl  glycerols  visible  as  lipid  droplets  (Fig.  7.4a). 
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Fig.  7.4  Endothelial- 
pericytic  cell,  (a)  All 
pericyte-like  elements  (p), 
some  endothelial  cells  (e)  and 
preadipocytes  (pa)  were 
found  to  contain  glycogen 
(white  and  black  arrows). 
(b)  An  endothelial-pericytic 
cell  is  enlarged  in  the  inset. 
Endothelial  cell  (e)  exposed 
to  the  capillary  lumen,  but 
also  extended  over  a  vicinal 
endothelial  cell  (pointed  by 
black  arrowhead)  to  adopt  a 
pericytic  position.  Further 
details  are  found  in  the  text 
(thigh  junction;  tj) 


Pericyte-like  elements  can  be  distinguished  from  all  other  poorly  differentiated  cell 
types  by  their  distinct  basal  lamina,  in  fact  only  pericytes  and  all  preadipocytes  at 
different  stages  of  development  were  surrounded  by  a  distinct  basal  lamina  into  the 
vasculo-adipocytic  islets.  Furthermore  pericytes  in  stages  of  detachment  from  the 
capillary  wall  were  also  observed.  Thus,  structural  data  suggest  that  pericytes  could 
be  the  early  step  of  development  of  preadipocytes.  In  the  subsequent  days  of  devel- 
opment (up  to  P20),  the  islets  disappeared  progressively  substituted  by  a  more 
homogeneous  tissue  composed  mainly  by  unilocular  white  adipocytes.  Capillaries 
lost  their  characteristic  morphology  and  became  smaller  (not  shown),  but  pericytes- 
preadipocytes  were  often  found  in  tight  connection  with  capillary  wall. 
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7.2.2.1  Endothelial  Cells  of  Capillaries  of  the  Vasculo-Adipocytic  Islets 
Share  Structural  Features  with  Pericytes 

The  vasculo-adipocytic  islets  of  P4-6  animals  are  the  ideal  tissue  to  study  the  details 
of  white  adipogenesis  in  vivo,  mainly  because  of  high  pericyte-preadipocyte  abun- 
dance. In  these  islets,  endothelial  cells  and  pericytes  share  some  structural  aspects: 
glycogen  particles,  pinocytotic  vesicles,  and  a  distinct  external  (basal)  lamina.  Of 
note,  only  some  endothelial  cells  have  all  common  structural  aspects,  in  fact  many 
endothelial  cells  lacked  glycogen  particles.  In  about  1-3  %  of  vasculo-adipocytic 
islet  capillaries,  we  observed  unusual,  novel  features,  such  as  some  endothelial  cells 
exposed  to  the  capillary  lumen,  but  also  extended  over  a  vicinal  endothelial  cell  to 
adopt  a  pericytic  position.  Importantly,  the  junction  of  these  cells  with  adjacent 
endothelial  cells  was  composed  of  typical  oblique  tight  junctions,  confirming  the 
endothelial  nature  of  these  cells  (Fig.  7.4b).  Some  of  the  endothelial-pericytic  cells 
were  found  to  contain  glycogen,  as  do  some  endothelial  cells,  and  almost  all  peri- 
cytes. Endothelial  cells  and  pericytes  were  sometimes  joined  by  tight  junctions 
between  a  protrusion  of  the  endothelial  cell  crossing  the  basal  membrane,  and  the 
complementary  indentation  in  the  pericyte.  These  data  show  that  there  is  a  complex 
relationship  between  these  cells  in  the  vasculo-adipocytic  islets  where  extensive 
adipogenesis  is  ongoing.  Furthermore,  cells  containing  glycogen  particles,  which 
have  been  associated  with  adipocyte  progenitors,  can  be  seen  partially  associated 
with  the  capillary  wall  (in  pericytic  position)  and  also  abutting  into  the  interstitial 
space  (Tavassoli  1976).  Taken  together,  this  evidence  suggests  that  endothelial- 
pericytic  cells  may  represent  an  intermediate  step  between  endothelial  and  preadi- 
pocyte  stages.  Cells  in  endothelial-pericytic  position  were  found  only  at  this  step  of 
development  of  the  fat  depot,  consistent  with  the  hypothesis  that  at  this  stage  of 
development  the  number  of  poorly  differentiated  adipocytes  and  preadipocytes 
reach  the  maximal  density.  Furthermore,  endothelial  cells,  pericytes,  and  early  pre- 
adipocytes (with  some  lipid  accumulation  in  form  of  small  lipid  droplets)  of 
vasculo-adipocytic  islets  were  frequently  found  in  mitosis  (Fig.  7.5a,b),  supporting 
the  active  developmental  role  of  vasculo-adipocytic  islets  for  epididymal  fat  and  the 
importance  of  endothelial  cells  and  pericytes  in  this  process. 

7.2.2.2  Endothelial  Cells,  Pericytes,  and  Preadipocytes  of  Vasculo- 
Adipocytic  Islets  are  Immunoreactive  for  Transcription  Factors 
and  Proteins  Described  as  Markers  of  Preadipocytes  In  Vitro 

Most  of  the  cells  located  in  the  pericapillary  position  of  the  vasculo-adipocytic 
islets,  most  likely  corresponding  to  the  cells  described  above  by  EM,  showed 
nuclear  staining  for  PPARy,  C/EBPoc,  and  C/EBPp,  which  are  transcription  factors 
widely  considered  as  markers  of  cells  undergoing  an  adipogenetic  program  in  vitro 
(Farmer  2006;  Tontonoz  and  Spiegelman  2008).  This  evidence  supports  the  notion 
that  they  are  potential  preadipocytes.  Notably,  some  endothelial  cells  were  also 
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Fig.  7.5  Endothelial  cells 
where  often  found  in  mitosis 

(a)  and  the  enlargement  in 

(b)  shows  the  presence  of 
glycogen  which  have  been 
associated  with  the 
development  of  adipocytes 
precursors 


found  positive  for  C/EBPp,  which  is  considered  upstream  of  PPARy  and  C/EBPoc  in 
the  sequence  of  transcriptional  control  of  adipogenesis  (Fig.  7.6). 

Perilipin,  S-lOOb,  and  leptin  were  found  only  in  cells  with  signs  of  adipocyte 
differentiation  (i.e.,  at  least  a  minimum  of  cytoplasmic  lipid  accumulation).  Perilipin 
was  found  only  at  the  level  of  lipid  droplet  surface.  Leptin  and  SI 00b  immunoreac- 
tivity  were  diffuse  in  the  cytoplasm  of  adipocytes  (not  shown).  No  other  cell  type, 
recognizable  by  their  structural  characteristics,  in  the  vasculo-adipocytic  islets  was 
immunoreactive  for  these  proteins  (C/EBPoc,  PPARy-tot,  PPARy2,  perilipin,  S-lOOb, 
and  leptin). 
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Fig.  7.6  (a)  To  note  that  also 
preadipocytes  (pa)  with  small 
lipid  droplets  contained  in  the 
cytoplasm  displayed  close 
connection  with  the 
endothelium  (e).  (b) 
Immunohistochemistry 
performed  in  the  eWAT 
anlage  at  P7  showing  cell 
immune-reactive  for  C/EBPoc 


7.2.3    Morphological  Evidence  That  Pericytes  Give  Rise 
to  Brown  Adipocytes 

The  fetal  developing  BAT  that  gives  rise  to  the  interscapular  fat  depot  (interscapular 
BAT)  reside  in  a  specific  anatomical  location  among  dorsal  muscles  and  the  less 
differentiated  anlage  is  visible  at  embryonic  day  (El 5- 16)  in  that  site  in  rats.  At  this 
stage  the  anlage  is  formed  mainly  by  large  capillaries,  with  thick  wall  due  to  the 
presence  of  abundant  pericytes  (Fig.  7.7).  At  E17-18  the  anlage  is  enriched  with 
poorly  differentiated  cells  (>90  %  of  cells  in  the  anlage)  occupying  almost  all  the 
interstitial  space  among  capillaries.  These  cells  were  also  characterized  by  numer- 
ous large  mitochondria  (with  morphology  similar  to  that  of  mitochondria  of  brown 
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Fig.  7.7  Morphology  of  BAT 
anlage  at  El 5- 16.  (a)  Light 
microscopy  of  fetal  BAT  with 
large  capillaries  (cap)  with 
the  interstitial  matrix 
endowed  of  poorly 
differentiated  elements  with 
small  degree  of  lipid 
accumulation  (arrows). 
(b)  TEM  appearance  of  BAT 
anlage  at  E15-16.  The 
squared  areas  are  enlarged 
in  Fig.  7.8 


adipocytes:  pre-typical  mitochondria),  glycogen,  and  external  lamina.  Most  (70-80  %) 
of  these  cells  exhibited  also  small  lipid  droplets.  Thus,  most  of  these  cells  had  struc- 
tural aspects  of  brown  preadipocytes.  The  pericytes  belonging  to  the  capillary  wall, 
since  E15-16  ahead  exhibited  structural  features  very  similar  to  those  found  in  pre- 
adipocytes (pre-typical  mitochondria,  glycogen,  external  lamina),  thus,  pericytes 
can  be  considered  as  an  early  step  of  preadipocyte  differentiation  both  in  white  and 
brown  adipose  tissues.  Endothelial  cells,  pericytes,  and  preadipocytes  were  often  in 
mitosis  (Fig.  7.8a).  Preadipocytes  in  mitosis  exhibited  pre-typical  mitochondria, 
glycogen,  lipid  droplets,  and  external  lamina  confirming  their  nature  as  preadipo- 
cytes. In  the  following  steps  of  development  until  P20,  the  number  of  preadipocytes 
(including  preadipocytes  in  mitosis)  reduces  in  number  and  mature  adipocytes 
become  prevalent  (Fig.  7.8b).  Several  intermediate  aspects  between  early  preadipo- 
cytes and  mature  adipocytes  were  easily  found  at  all  developmental  ages.  The  less 
differentiated  preadipocytes  were  always  in  thigh  contact  with  the  capillary  wall 
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Fig.  7.8  (a)  Preadipocytes 
(pa)  with  small  lipid  droplets 
(L)  display  pre-typical 
mitochondria  (some  indicated 
by  asterisks)  which  can  be 
considered  as  morphological 
marker  of  brown  adipocytes, 
(b)  Some  cell  with  clear 
glycogen  accumulation  (g) 
and  pre-typical  mitochondria 
were  often  found  in  mitosis 


(pericytic  position)  and  in  the  postnatal  period  they  were  the  only  cell  type  in  mitosis 
and  with  a  morphology  comparable  to  that  of  preadipocytes  found  at  El 7- 18.  Thus 
considering  the  ages  between  El 5  and  P20  the  most  informative  period  was  E17-18, 
when  most  of  the  anlage  is  formed  by  capillaries  and  cells  with  structural  futures 
characteristic  of  brown  preadipocytes. 

7.2.3.1    Endothelial  Cells  of  Capillaries  of  Developing  Interscapular 
BAT  Anlage  Share  Structural  Features  with  Pericytes 
and  Preadipocytes 

At  the  stage  where  the  developing  BAT  is  most  enriched  by  preadipocytes  (E17-18), 
3-4  %  of  the  endothelial  cells  the  anlage  contained  glycogen,  as  well  as  mitochondria 
that  displayed  the  very  characteristic  morphology  of  brown  adipocytes  (Fig.  7.9). 


144 


A.  Frontini  et  al. 


Fig.  7.9  Several  stages  of  development  are  here  visible.  Pericyte  (p)  and  the  adjacent  preadipo- 
cytes  as  well  as  other  preadipocytes  (pa)  containing  glycogen  (g)  disclosed  in  their  cytoplasm  the 
classical  pre-typical  mitochondria  (some  indicated  by  asterisks) 

Because  early  preadipocytes  are  easily  recognized  by  this  highly  characteristic 
mitochondrial  morphology,  the  presence  of  pre-typical  mitochondria  in  some  endo- 
thelial cells  that  also  contain  glycogen  is  suggestive  that  these  may  give  rise  to 
brown  preadipocytes  (not  represented).  At  a  biochemical  level,  we  found  strong 
immunoreactivity  for  PPARy  in  nuclei  of  all  cells,  except  endothelial  cells,  at  El 7- 
18,  when  most  of  the  cells  present  in  the  anlage  were  brown  preadipocytes.  In  vitro 
studies  have  demonstrated  that  PPARy  is  induced  after  C/EBPp,  and  some  endothe- 
lial cells,  pericytes,  and  preadipocytes  were  immunoreactive  for  these  markers  at  all 
pre-  and  postnatal  stages.  Thus  endothelial  cells  showed  structural  (pre-typical 
mitochondria;  Fig.  7.10)  and  molecular  (C/EBPa  and  P)  signs  of  brown  adipogen- 
esis  preceding  the  preadipocyte  stage.  Immunogold  and  electron  microscopy  analy- 
sis showed  that  pre-typical  mitochondria  of  poorly  differentiated  cells  in  pericytic 
position  (pericytes-preadipocytes)  were  immunoreactive  for  UCP1  at  El 8-19  (not 
represented).  Thus,  cells  with  similar  morphology,  i.e.,  pericytes-preadipocytes 
become  immunoreactive  for  UCP1  at  late  gestational  age  (E20-21).  Of  note,  the 
density  of  immune-gold  particles  in  pre-typical  mitochondria  was  about  Vi  that  in 
typical  mitochondria,  supporting  the  concept  that  pre-typical  mitochondria  are  a 
developmental  early  stage  of  brown  adipocyte  mitochondria.  No  immunoreactivity 
for  S-100  and  leptin  was  ever  found.  Perilipin  immureactivity  was  present  only 
when  lipid  droplets  were  present  in  the  cytoplasm  of  preadipocytes  or  adipocytes 
(not  represented). 
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7.2.4   Lineage  Tracing  Evidence  That  Adipose  Stem  Cells 
Reside  Within  the  Mural  Compartment 

Immunohistochemical  methods,  combined  with  GFP  marking  and  lineage  tracing 
analysis  show  that  adipose  stem  cells  are  found  in  the  wall  of  blood  vessels  that  sup- 
ply white  adipose  depots  but  are  absent  from  blood  vessels  that  supply  other  tissues 
(Tang  et  al.  2008).  Utilizing  the  GFP  marker,  the  authors  characterized  a  microana- 
tomic  location  of  adipocyte  stem  cells  and  demonstrated  that  many  coexpress  three 
mural  cell  markers  (SMA,  PDGFRb,  and  NG2),  arguing  that  adipose  stem  cells 
constitute  a  subset  of  mural  cells  embedded  in  the  wall  of  blood  vessels  present 
within  adipose  tissue. 

Recently,  lineage-tracing  experiments  using  Cre/loxP  technology  have  allowed 
for  more  in-depth  analysis  of  the  developmental  origin  of  cells.  Mice  expressing 
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LacZ  (Soriano  1999)  and  GFP  (Mao  et  al.  2001)  driven  by  the  VE-cadherin  promoter 
have  been  created,  thus  allowing  the  identification  of  cells  in  which  this  promoter 
was  active  at  any  point  during  development  (Alva  et  al.  2006;  Monvoisin  et  al.  2006; 
Zovein  et  al.  2008).  VE-cadherin  is  a  classical  cadherin  involved  in  endothelial  cell- 
cell  interactions,  and  its  presence  is  absolutely  required  for  the  formation  of  vascu- 
lature. The  protein  is  expressed  in  endothelial  cells  and  in  some  subpopulations  of 
hematopoietic  cells  before  El  1.5.  However  after  El  1.5,  VE-cadherin  expression 
dramatically  decreases  in  hematopoietic  cells  and  is  mainly  restricted  to  the  vascu- 
lature thereafter  (Monvoisin  et  al.  2006;  Speck  and  Iruela-Arispe  2009).  Thus,  lin- 
eage tracing  with  the  VE-cadherin-Cre  constitutive  and  inducible  models  allow  us 
to  better  understand  the  relationship  between  the  vasculature  and  adipocyte  tissue 
development.  Experiments  using  immunohistochemistry  showed  that  VE-cadherin 
in  eWAT  and  inguinal  subcutaneous  fat  (scWAT)  is  expressed  only  in  endothelial 
cells,  and  not  in  pericytes  or  adipocytes,  making  this  model  suitable  for  investigat- 
ing the  possible  endothelial  origin  of  adipocytes  (not  represented). 

Prior  to  adipocyte  development  in  fetal  and  early  postnatal  eWAT  only  endothe- 
lial cells  were  found  to  be  X-gal  positive  (Fig.  7.11a).  The  same  pattern  was  also 
observed  in  scWAT  of  fetal  and  postnatal  mice.  After  this  period,  from  P7  to  adult, 
adipocytes  at  different  stages  of  lipid  accumulation  found  in  eWAT  and  in  scWAT 
were  also  positive  for  X-gal  staining  (Fig.  7.11b).  Control  animals  were  always 
negative  for  p-galactosidase  activity  assay  (not  represented).  To  confirm  these  find- 
ings using  a  different  reporter,  we  crossed  the  VE-cadherin-Cre  mice  with  the  Rosa- 
eGFP  lines.  In  P7  VE-cadherin-Cre-eGFP  mice,  we  found  co-localization  of 
perilipin  and  eGFP  in  adipocytes  found  in  eWAT.  To  verify  with  high  resolution  that 
the  reporters  were  localized  to  the  adipocyte  cytoplasm,  we  used  EM  and  observed 
a  precise  localization  of  X-gal  crystals  in  endothelial  cells,  pericytes,  adipocytes, 
and  in  preadipocytes  (not  represented). 

These  data  prompted  us  to  investigate  whether  brown  adipocytes  might  also  have 
an  endothelial  origin.  Previous  published  studies  (Cinti  and  Morroni  1995)  showed 
that  in  the  developing  classic  brown  fat  depot,  some  endothelial  cells  display  char- 
acteristic structural  features  (glycogen  and  mitochondria)  also  present  in  UCP1- 
immunoreactive  brown  adipocyte  precursors.  Immunohistochemistry  with 
anti- VE-cadherin- specific  antibodies  confirmed  the  absence  of  protein  in  BAT  peri- 
cytes and  adipocytes,  while  all  endothelial  cells  lining  vessels  resulted  positive, 
p-galactosidase  activity  in  the  interscapular  region  of  El 7- 19  transgenic  mice 
allowed  strong  positive  staining  in  both  endothelial  cells  and  adipocytes  of  double 
transgenic  mice  in  the  region  corresponding  to  developing  BAT,  while  in  the  sur- 
rounding muscles  only  endothelial  cells  were  stained  (Fig.  7.12a).  To  verify  that  the 
X-gal  stained  cells  correspond  to  brown  adipocytes,  sections  were  also  immunos- 
tained  with  antibodies  to  UCP-1  (Fig.  7.12b).  These  experiments  indicate  that  X-gal 
staining  colocalized  to  cells  containing  the  brown  adipocyte  marker.  Taken  together, 
these  data  strongly  suggest  that  endothelial  cells  of  capillaries  of  developing  WAT 
and  BAT  are  a  source  of  adipocyte  precursors. 

Constitutive  expression  of  VE-cadherin-Cre  leads  to  labeling  of  cells  of  hemato- 
poietic origin  during  embryogenesis.  A  hematopoietic  origin  for  adipocytes  has 
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Fig.  7.11  (a)  P-galactosidase 
localization  on  eWAT  of  P4 
mice  revealing  histochemical 
staining  only  in  the 
vasculature,  (b)  X-gal 
staining  performed  on  eWAT 
of  P7  animals  disclosed  the 
localization  also  in 
developing  and  mature 
adipocytes  (arrows) 


been  previously  proposed  (Crossno  et  al.  2006),  although  more  recent  data  have 
shown  that  this  contribution  may  be  negligible  (Koh  et  al.  2007;  Tomiyama  et  al. 
2008).  To  rule  out  the  possibility  that  the  X-gal-labeled  adipocytes  were  hematopoi- 
etic stem  cell  derived,  we  employed  another  mouse  model  in  which  the  VE-cadherin- 
driven  Cre  recombinase  is  induced  during  adulthood.  Specifically,  we  have  used 
tamoxifen-inducible  transgenic  VE-cadherin-CreERT2  model  described  by 
Monvoisin  et  al.  (2006),  where  expression  of  Cre  is  activated  by  injection  of  tamoxi- 
fen postnatally,  resulting  in  its  negligible  excision  (lower  than  0.4  %)  in  the  hema- 
topoietic lineage.  For  these  experiments,  expression  of  Cre  in  the 
VE-cadherin-CreERT2/R26R  mice  were  induced  by  tamoxifen  injection  for  five 
consecutive  days  at  8  weeks  of  age.  The  mice  were  sacrificed  3  weeks  later.  X-gal 
staining  was  observed  in  capillaries  of  adipose  tissue,  but  also  in  numerous  adipo- 
cytes distributed  among  the  eWAT,  scWAT,  and  BAT  depots.  The  number  of  adipo- 
cytes stained  was  lower  than  that  seen  in  the  constitutive  model  described  above, 
possibly  due  to  a  lower  number  of  adipocytes  being  formed  during  this  postnatal 
expansion  period,  but  still  clearly  significantly  above  the  background  observed  in 
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Fig.  7.12  (a)  X-gal  positive 
staining  in  brown  adipocytes 
of  BAT  and  in  their 
capillaries  as  well  as  in  those 
found  in  the  surrounding 
muscles,  (b)  X-gal  staining 
colocalized  with  UCP1- 
immunoreactive  brown 
adipocytes  highlighted  in  the 
inset  (arrows) 
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negative  controls  (not  represented).  PPARy  agonists  affect  murine  adipose  tissue  by 
increasing  multilocularization  of  existing  adipocytes  and  maybe  also  by  stimulating 
preadipocyte  differentiation  into  mature  adipocytes  (Koh  et  al.  2009;  Tang  et  al. 
2011).  Mice  treated  with  rosiglitazone  for  3  weeks  following  induction  displayed 
numerous  multilocular  adipocytes,  many  of  which  stained  with  X-gal  (not  repre- 
sented). Thus  under  both  normal  and  stimulated  adipogenesis,  adipocytes  arise  from 
VE-cadherin  expressing  progenitors. 


7.2.5    Molecular  Markers  of  Endothelial  Cells 
in  Adipose  Stem  Cells 


Pioneering  work  by  Rodeheffer  and  colleagues  (Rodeheffer  et  al.  2008)  and  Joe 
et  al.  (2009),  have  prospectively  identified  a  population  of  cells  within  the  stromo- 
vascular  fraction  of  mouse  adipose  tissue  characterized  by  the  presence  of  specific 
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Fig.  7.13  (a)  FACS  analysis  scheme  of  cells  from  SVF  of  mouse  epididymal  adipose  tissue.  SVF 
from  eWAT  from  8-week-old  mice  were  isolated  and  stained  with  blue  stain  (Invitrogen)  at  4  °C 
for  20  min.  Cells  were  incubated  with  anti-mouse  CD16/CD32  (BD  Biosciences)  for  15  min  and 
then  with  respective  FACS  antibody  for  2  h  at  room  temperature.  Shown  in  lower  panel  are 
fluorescence  minus  one  controls  used  for  gate  setting,  (b)  Comparison  of  abundance  of  progenitor 
cells  between  mouse  depots.  Percent  of  cells  with  the  immunophenotype  CD45-CD29+CD24+ 
Scal+CD144+  recovered  from  SVF  from  epididymal  fat  pads  (eWAT)  or  interscapular  brown 
adipose  tissue  (BAT) 


stem  cell  markers.  These,  expressing  the  cell  surface  phenotype  CD45-CD29+ 
CDC24+Sca-1+,  give  rise  to  adipocytes  in  vitro,  and  can  reconstitute  adipose  tissue 
in  lipodystrophic  mice. 

Based  on  their  studies,  and  findings  of  a  developmental  relationship  between  adi- 
pocyte and  vascular  cells,  experiments  were  conducted  to  determine  whether  CD45- 
CD29+CDC24+Sca-1+  adipocyte  precursors  have  some  features  of  endothelial 
cells,  or  may  have  a  common  precursor.  CD45-cells  from  the  SVF  were  successively 
gated  for  the  presence  of  CD29,  CD24,  and  Seal  (Fig.  7.13a).  Approximately  5  % 
and  10  %  of  the  cells  in  the  SVF  of  epididymal  fat  and  brown  adipose  tissue,  respec- 
tively, were  CD45-CD29+CDC24+,  and  this  difference  was  statistically  significant 
(Tranetal.  2012).  Approximately  17  %  and52  %  of  theCD45-CD29+CDC24+Sca-l+ 
population  in  eWAT  and  BAT,  respectively,  were  also  positive  for  VE-cadherin 
(CD  144),  comprising  0.5  %  and  4  %  of  the  cells  in  the  SVF  of  eWAT  and  BAT, 
respectively  (Fig.  7.13b).  The  percentages  of  adipogenic  stem  cells  expressing 
VE-cadherin  is  in  line  with  the  amount  of  endothelial-pericytic  cells  found  in  WAT 
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by  EM  studies  in  vivo  and  the  much  larger  proportion  of  VE-cadherin  positive  cells 
in  BAT  is  consistent  with  its  denser  vascular  network.  These  results  support  the 
hypothesis  of  an  intimate  relationship  between  vascular  development  and  adipocyte 
formation,  where  adipocyte  progenitors  interact  with  the  vasculature.  Moreover,  it  is 
possible  that  VE-cadherin  containing  progenitors  may  give  rise  to  both  adipocytes 
and  endothelial  cells,  and  thereby  play  a  key  role  in  balancing  the  development  of 
new  adipocytes  and  their  vasculature  during  adipose  tissue  expansion. 


7.2.6   Human  Adipose  Stem  Cells  and  the  Vasculature 

The  potential  high  relevance  of  these  precursor  cells  underscores  the  relevance  of 
identifying  similar  populations  in  human  adipose  tissue.  Numerous  studies  report 
the  presence  of  pluripotent  stem  cell  populations  in  human  adipose  tissue,  which 
hold  great  potential  for  clinical  applications  involving  repair  of  damaged  tissues 
(reviewed  in  Baer  and  Geiger  (2012)).  These  cells  may  also  be  critical  determinants 
of  adipose  tissue  expandability,  and  their  numbers  may  influence  metabolic  disease 
risk.  However,  in  most  published  studies  related  to  adipose  tissue  stem  cells,  cells 
are  selected  on  the  basis  of  their  plating  properties  and  growth  in  vitro,  and  com- 
prise a  mixed  population  with  no  specific  prospective  molecular  identity. 

Recent  results  suggest  that,  as  in  rodents,  human  adipose  stem  cells  are  present 
in  the  adipose  tissue  micro  vasculature.  In  these  studies,  small  fragments  of  adipose 
tissue  are  embedded  in  MatriGel,  a  complex  protein  mixture  that  mimics  the  tissue 
extracellular  matrix  (Greenway  et  al.  2007;  Gealekman  et  al.  2010).  After  5-7  days 
of  culture  in  medium  containing  pro-angiogenic  factors  (EGM-2),  endothelial  cells 
emerge  from  the  adipose  tissue  fragment  and  display  sprouting  behavior  character- 
istic of  developing  microvessels.  After  10-14  days  these  cells  form  primitive  capil- 
laries similar  to  those  seen  in  developing  adipose  tissue  (Fig.  7.14).  When  exposed 
to  rosiglitazone,  which  through  the  stimulation  of  PPARg  provides  a  strong  pro- 
adipogenic  stimulus,  new  adipocytes  were  seen  to  differentiate  from  cells  which 
were  tightly  embedded  in  the  walls  of  newly  formed  human  adipose  tissue  capillar- 
ies (Tran  et  al.  2012)  These  newly  emerging  adipocytes  contain  key  adipocyte- 
specific  markers,  yet  remained  connected  to  endothelial  cells  through  tight  junctions. 
These  results  suggest  that  human  adipocytes  are  formed  from  precursors  cells  that 
are  endothelial  in  origin  or  share  a  common  developmental  origin  with  endothelial 
cells  (Fig.  7.14  lower  panel). 


7.3  Conclusions 

The  expansion  of  white  fat  in  response  to  over  nutrition  is  mediated  in  part  by  hyper- 
trophic growth  of  each  adipocyte,  but  in  obese  humans  adipose  tissue  can  become 
70  %  of  the  total  body  weight,  requiring  hyperplastic  growth  (Prins  and  O'Rahilly 
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Fig.  7.14  Electron  microscopy  of  angiogenic  sprouts  originating  from  human  adipose  tissue  in  the 
presence  or  absence  of  rosiglitazone.  (a)  Capillary  outgrown  after  15  days  of  culture  in  the  absence 
of  rosiglitazone,  indicating  areas  distal  and  proximal  to  the  embedded  explants.  (b)  Capillary  out- 
growth after  15  days  in  the  presence  of  rosiglitazone.  (c)  EM  appearance  of  the  area  of  capillary 
growth  proximal  to  the  explants  revealing  lumenized  capillaries  formed  by  endothelial  cells  joined 
by  tight  junctions,  (d)  Enlargement  of  the  boxed  area  in  (c).  (e)  Enlargement  of  area  of  outgrowth 
distal  to  the  explant,  revealing  lipid  droplets  in  cells  interspersed  among  the  capillary  sprouts,  (f) 
EM  of  lipid-laden  cells  revealing  features  of  classical  white  adipocytes,  and  of  endothelial  cells 
such  as  the  tight  junction  outlined,  (g)  Enlargement  of  tight  junction  outlined  in  (£).  (h)  Gene 
expressing  profile  of  angiogenic  sprouts  originating  from  human  adipose  tissue  in  the  presence  or 
absence  of  rosiglitazone 

1997;  Hausman  et  al.  2001).  In  adult  humans,  the  presence  of  metabolically  active 
brown  fat  as  well  as  brown  preadipocytes  has  been  recently  demonstrated  (Cypess 
et  al.  2009;  Saito  et  al.  2009;  van  Marken  Lichtenbelt  et  al.  2009;  Virtanen  et  al. 
2009;  Zingaretti  et  al.  2009).  The  abundance  of  brown  adipocytes  in  human  tissue  is 
increased  by  chronic  cold  exposure  (Saito  et  al.  2009;  van  Marken  Lichtenbelt  et  al. 
2009),  thus  both  white  (obesity)  and  possibly  brown  (cold  exposure)  adipose  tissues 
can  undergo  hyperplasia  in  humans.  One  of  the  key  questions  in  this  area  is  the 
nature  of  the  cell  which  gives  rise  to  newly  formed  adipocytes.  Adipose  tissue 
growth  also  requires  the  concomitant  expansion  of  its  capillary  network  (Rupnick 
et  al.  2002;  Dallabrida  et  al.  2003;  Fukumura  et  al.  2003;  Brakenhielm  et  al.  2004). 
Capillary  network  expansion  in  growing  tissues  occurs  through  the  process  of 
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angiogenesis,  where  endothelial  cells  that  form  part  of  the  existing  capillaries  are 
stimulated  to  undergo  mitosis,  migration,  and  capillary  tube  formation  and  matura- 
tion. The  mechanisms  by  which  adipocyte  growth  is  coordinated  with  angiogenic 
expansion  are  not  clear,  but  adequate  vascularization  is  critically  important  in  ensur- 
ing normal  adipose  tissue  function,  as  insufficient  vascularization  observed  in  obese 
individuals  is  associated  with  insulin  resistance  (Pasarica  et  al.  2009;  Gealekman 
et  al.  2010).  In  this  study,  we  described  that  endothelial  cells  of  adipose  tissue  capil- 
laries can  give  rise  to  adipocytes,  providing  a  possible  mechanism  by  which  angio- 
genic expansion  and  the  formation  of  new  adipocytes  are  coordinated.  Using  EM, 
genetic  and  functional  approaches,  we  have  obtained  evidence  that  endothelial  cells 
of  capillaries  in  developing  WAT  and  BAT  can  give  rise  to  mature  adipose  cells. 
Based  on  these  results,  we  suggest  a  mechanism  by  which  capillary  growth  and 
adipocyte  differentiation  can  be  coordinated  during  adipose  tissue  expansion. 
Further  evidence  supporting  the  possibility  that  certain  endothelial  cell  populations 
can  give  rise  to  adipocytes  is  the  finding  that  pericytes  and  some  endothelial  cells  of 
mouse  adipose  tissue  express  GFP  driven  by  the  promoter  for  Zfp423  (Gupta  et  al. 
2012),  a  zinc  finger  transcription  factor  involved  in  early  differentiation  (Huang 
et  al.  2009)  that  has  been  detected  to  mark  cells  determined  to  form  preadipocytes 
(Gupta  et  al.  2010).  Previous  work  (Planat-Benard  et  al.  2004)  had  shown  that  adi- 
pocytes can  acquire  an  endothelial  phenotype  in  vitro,  which  may  suggest  that  the 
fate  of  the  two  cell  types  may  be  plastic  to  maintain  homeostasis  during  adipose 
tissue  expansion.  Furthermore,  recent  findings  indicate  that  vascular  endothelial 
cells  can  be  converted  into  mesenchymal  stem  cells,  from  which  they  can  give  rise 
to  adipocytes,  chondrocytes,  and  osteoblasts  (Medici  et  al.  2010).  Which  physiolog- 
ical signals  determine  the  fate  of  the  precursors  and/or  regulate  the  switch  between 
adipocyte  and  endothelial  cell  phenotype  are  unknown.  One  potential  candidate  is 
hypoxia,  which  affects  the  expression  of  multiple  genes  both  in  adipocytes  and 
endothelial  cells  mainly  thought  activation  of  HIF-loc  and  NF-kB  (Michiels  et  al. 
2000;  Lolmede  et  al.  2003;  Geiger  et  al.  2011),  inhibits  adipogenesis  and  triglycer- 
ide synthesis  (Ye  2009),  and  has  pro-angiogenic  effects  (Liao  and  Johnson  2007). 
Hypoxia  may  also  play  role  in  determining  the  fate  of  precursors,  thus  fine-tuning 
the  balance  of  adipocyte  proliferation  and  expansion  of  adipose  tissue  capillary  net- 
work. This  equilibrium  may  become  unbalanced  in  obesity,  leading  to  insufficient 
angiogenesis  relative  to  adipogenesis,  and  resulting  in  associated  metabolic  compli- 
cations. The  cellular  and  molecular  mechanisms  that  regulate  the  balance  between 
endothelial  cells  and  adipocytes,  and  how  these  mechanisms  contribute  to  normal 
and  pathological  adipose  tissue  function  are  important  areas  for  continued  study. 
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Chapter  8 

Vascular  and  Endothelial  Regeneration 

Louis  Casteilla,  Patrick  Laharrague,  and  V.  Planat-Benard 


Abstract  The  presence  of  adipocyte  progenitors  has  long  been  demonstrated 
throughout  life  in  the  stromal  fraction  of  adipose  tissue.  Now,  it  appears  that  these 
cells  are  multipotent  and  share  numerous  features  with  mesenchymal  stem  cells 
derived  from  bone  marrow.  They  also  display  some  specificities,  among  them  a 
strong  pro-angiogenic  potential.  These  progenitors,  presently  called  adipose  stro- 
mal cells,  can  differentiate  in  vitro  into  the  three  main  components  of  the  vessels, 
i.e.,  endothelial  cells,  smooth  muscle  cells,  and  pericytes.  More  importantly,  they 
secrete  numerous  factors  favoring  angiogenesis  and  vasculogenesis.  Since  fat  pads 
are  easy  to  sample,  numerous  and  promising  perspectives  are  now  opening  up  in 
regenerative  medicine,  particularly  in  ischemic  situations. 

Keywords  Vasculogenesis  •  Angiogenesis  •  Adipose  stromal  cells  •  Ischemia 


Adipose  tissues  and  adipocytes  are  found  in  multiple  locations.  In  mammals,  two 
functionally  different  types  of  adipose  tissue  are  usually  distinguished:  brown  tissue 
which  participates  in  cold-  as  well  as  in  diet-induced  thermogenesis,  and  white  tis- 
sue mainly  involved  in  energy  storage  (Himms-Hagen  1990).  This  chapter  will  be 
only  focused  on  white  adipose  tissue. 

In  adipose  tissue  (AT),  mature  adipocytes  account  for  only  40-60  %  of  the  total 
cellularity.  Other  cells  are  endothelial  cells,  a  complex  hematopoietic  cell  popula- 
tion, and  adipocyte  progenitors  (Bourlier  and  Bouloumie  2009;  Caspar-Bauguil 
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et  al.  2005;  Planat-Benard  et  al.  2004).  Their  existence  was  revealed  by  the  culture 
of  the  stroma  vascular  fraction  obtained  after  fat  enzymatic  digestion:  some  cells 
adhered  to  plastic,  prolifered,  then  differentiated  towards  adipocytes  (Bjorntorp 
et  al.  1978).  These  cells,  initially  called  preadipocytes  or  adipocyte  progenitors,  are 
present  throughout  adult  life.  More  recently,  these  same  cells  were  named  adipose- 
derived  stem  or  stroma  cells  (ASC)  because  they  are  multipotent  and  share  many 
properties  with  mesenchymal  stem/stromal  cells  from  the  bone  marrow  (Guilak 
et  al.  2006;  Zuk  et  al.  2001).  In  fact,  the  term  "stem  cell"  seems  inappropriate  here, 
since  the  self-renewal  of  ASC  has  not  yet  been  definitively  established  in  contrast  to 
MSC  (Sacchetti  et  al.  2007). 

The  link  between  adipocyte  progenitors  and  vasculature  is  well  established. 
During  embryonic  development,  the  formation  of  capillary  convolutions  is  a  critical 
step  for  the  development  of  fat  lobules.  After  birth,  AT  remodeling  and  optimal 
functionality  require  the  development  of  the  capillary  network  (Rupnick  et  al.  2002; 
Wassermann  1965).  This  point  will  be  also  discussed  in  another  chapter  of  this  book. 

The  strong  link  between  adipogenesis  and  angiogenesis,  and  the  proximity  of 
ASC  with  their  bone  marrow  counterpart,  encouraged  researchers  to  explore  the 
angiogenic  potential  of  these  cells  in  a  therapeutic  perspective. 


8.1    Angiogenic  Potential  of  ASC 

The  putative  capability  for  ASC  or  adipocyte  progenitors  to  display  an  endothelial- 
like  phenotype  (see  Table  8.1)  arose  from  the  discovery  that  ASC  express  the  sur- 
face marker  CD34  (Miranville  et  al.  2004;  Planat-Benard  et  al.  2004).  Indeed,  when 
ASC  are  purified  to  homogeneity,  most  of  cells  express  this  protein,  described  as 
specifically  displayed  by  various  immature  cells  (hematopoietic  stem  cells,  satellite 
cells...)  and  endothelial  cells.  Furthermore,  when  ASC  are  cultured  in  semi-solid 
media  (Matrigel),  most  of  them  align  and  express  another  endothelial  surface  pro- 
tein, the  von  Willebrand  factor  (Planat-Benard  et  al.  2004). 

An  angiogenic  potential  is  demonstrated  when  ASC  are  injected  in  Matrigel  plug 
or  in  an  in  vivo  ischemia  context.  When  ASC  embedded  in  Matrigel  are  injected 
subcutaneously,  they  form  numerous  tube-like  structures,  and  the  presence  of  eryth- 
rocytes in  the  lumen  demonstrates  the  functionality  of  these  vascular  structures. 
When  human  ASC  are  injected  intramuscularly  in  tolerant  mice  after  ligature  of  the 
femoral  artery,  they  promote  a  functional  neo-angiogenesis  with  the  recovery  of  the 
subcutaneous  blood  flow  at  the  extremity  of  the  limb.  Using  an  antibody  directed  to 
the  human  isoform  of  CD31,  we  revealed  the  integration  of  some  of  these  cells  in 
the  inner  surface  of  the  vessels.  Moreover,  we  dedifferentiated  mature  adipocytes 
after  their  isolation  and  demonstrated  that  these  dedifferentiated  adipocytes  could 
rapidly  acquire  endothelial  phenotype  (expression  of  CD3 1  and  vWF  antigens)  and 
functions  (Planat-Benard  et  al.  2004).  Similar  results  were  observed  in  another  isch- 
emia situation,  the  heart  ischemia  (Mazo  et  al.  2008;  Valina  et  al.  2007).  On  the 
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Table  8.1  Main  phenotypic  and  functional  characteristics  of  vascular  cells  derived  from 
adipose  tissues 


Endothelial  cells 

Smooth  muscle  cells 

Pericytes 

Differentiation 

VEGF 

Heparin 

SDF-1  alpha/PDGF  beta 

agents 

BMP  4 

Hypoxia  (5  %  02) 

TGF-beta  1 

A  VJ1      L/w  LCI  X 

TGF-beta  3 
BMP-4 
Angiotensin  II 
Sphingosylphos 
phoryl-choline 

Ascorbic  acid 
PDGF  BB 

TGF-beta  1 

Marker 

CD31  (rJiCAJVl-1) 

Alpha  smooth 

CJJ140 

expression 

CD34 

muscle  actm 

Nestm 

CD  105  (bndoglm) 

iviyosm  neavy  cnam 

Alpha  smooth  muscle  actin 

CJJlUO 

OiiiUUlllCilll 

nsmm 

1    A  A 

CD  144 

L^aiponm 

C A/TOO  o1»-vVio 

oMzz  aipna 

caimoQiiin 

caldesmon 

NG-2 

PDGFR-beta 

A                              4- '  J               A   /"IV  T 

Ammopeptidase  A/N 
Tropomyosin 

TT  7"*  1  1       1                        If*  J_ 

von  Willebrand  factor 

Desmm 

A.  T                                1  * 

Non-muscle  myosin 

Flt-1  (VEGFR-1) 

"\  7"*                        A-  ' 

Vimentm 

rlK-1 

Myocardin 

7B4  antigen 

BNH9/BNF13 

VE-cadh  erin 

eNOS 

Tie  1 

Tie  2 

Neuropilin 

Matrix  metallo- 

proteinase  1 

In  vitro 

Cobblestone 

Spindle  shape 

Rhomboid  morphology 

characteri- 

morphology 

morphology 

Association  and  coverage 

zation 

Acetylated 

Contract  to  carbachol 

of  endothelial  tubes  on 

low-density 

and  KC1 

Matrigel 

lipoprotein  uptake 

Contraction  of 

Cord  formation  on 

collagen  gels 

Matrigel 

Production  of 

Expression  of  nitric 

extracellular 

oxide  synthase 

matrix 

Response  to  TNF 

(continued) 
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Table  8.1  (continued) 


Endothelial  cells 

Smooth  muscle  cells 

Pericytes 

In  vivo 

Migration  in  wound 

Co  implantation  with 

Matrigel  plug  assay  in 

characteri- 

healing assay 

EC  into  the  jugular 

SCID  mice 

zation 

Cell  thrombogenicity 
Microvessel  formation 

with  blood  cells 

after  transplantation 

in  SCID  mice 
Blood  perfusion  and 

limb  salvage 
Improvement  of 

cardiac  function 

in  MI  model 

vein  of  lambs 
Cell-seeded  scaffolds 
implanted  into 
bladder  of  nude  rats 

contrary,  in  cerebral  ischemia,  even  if  injected  ASC  display  a  vascular  tropism,  they 
are  localized  only  in  perivascular  position  and  do  not  incorporate  into  the  intima 
(Kubis  et  al.  2007).  At  this  time,  there  is  no  explanation  for  these  different  behaviors 
according  to  the  targeted  tissues. 

Our  conclusion  that  preadipocytes  or  ASC  can  really  differentiate  towards  endo- 
thelial cells  is  supported  by  similar  results  obtained  by  Bouloumie's  group,  using 
directly  purified  CD34+/CD31-  cells  from  human  AT.  They  also  demonstrated,  in  a 
two-dimensional  co-culture  system,  that  capillary  endothelial  cells  isolated  from 
human  AT  stimulate  the  expression  of  the  endothelial  CD31  marker  by  the  ASC 
(Sengenes  et  al.  2007). 

Induction  of  mesenchymal  to  endothelial  transformation  is  promoted  by  cultur- 
ing  ASC  in  the  presence  of  various  differentiating  cues.  Colazzo  et  al.  reported  that 
ASC  cultured  in  a  medium  supplemented  with  fetal  calf  serum  and  VEGF  uptaked 
acetylated  LDL,  but  that  only  a  small  proportion  of  cells  expressed  endothelial 
markers  (Colazzo  et  al.  2010).  A  more  defined  phenotype  (flkl,  tie2  expression,  and 
acLDL  uptake)  was  obtained  with  ASC  cultured  under  serum- free  conditions  in  the 
presence  of  VEGF  or  FGF2,  the  latter  being  necessary  for  the  increase  of  vascular 
endothelial  marker  genes  (Konno  et  al.  2010).  Activation  of  SDF1/CXCR4  and  PI3 
kinase  pathways  was  also  proposed  to  promote  endothelial  differentiation  of  ASC 
(Cao  et  al.  2005;  Sengenes  et  al.  2007).  Shear  stress  could  also  play  a  role  in  the 
endothelial  differentiation  of  ASC:  after  culture  in  the  presence  of  endothelial  cell 
growth  supplement,  human  ASC  form  cords  in  Matrigel,  but  fail  to  take  up  acLDL 
or  express  endothelial  molecular  markers.  Subsequent  exposure  to  physiological 
shear  force  results  in  cell  realignement,  acLDL  uptake,  and  expression  of  CD31 
(Fischer  et  al.  2009). 

In  fact,  a  re-analysis  of  these  results  is  necessary.  First,  the  endothelial  phenotype 
is  most  often  only  assesed  by  the  presence  of  some  endothelial  markers  and  by  the 
in  vivo  location  of  administrated  ASC.  Second,  no  study  at  clonal  level  is  available 
at  the  present  time.  Moreover,  culture  conditions  could  promote  emergence  of  inter- 
mediate biphenotypic  cells,  which  could  express  endothelial  markers  without 
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becoming  fully  functional.  Such  a  situation  was  reported  by  Rose  et  al.  for  bone 
marrow-derived  mesenchymal  stroma/stem  cells  giving  rise  in  vitro  to  cells  that 
express  cardiac-specific  markers  but  retain  the  stromal  phenotype  and  do  not 
become  functional  cardiomyocytes  (Rose  et  al.  2008).  Thus,  the  term  "endothelial- 
like  cells"  would  be  more  appropriate  to  define  ASC  after  their  «differentiation», 
which  could  only  mimic  true  endothelial  phenotype  without  displaying  all  the 
features. 

The  relationship  between  endothelial  cells  and  adipocyte  progenitors  has  been 
recently  reinforced  by  in  vivo  lineage  tracing  experiments  using  VE-cadherin  pro- 
moter. Cinti  et  al.  presented  morphological  and  genetic  evidence  that  adipocytes  in 
white  and  brown  AT  originate  from  cells  that  display  endothelial  characteristics 
(Tran  et  al.  2012).  The  reverse  differentiation  in  native  tissue  has  not  been  reported 
to  date. 

Undoubtedly,  the  direct  participation  of  ASC  via  a  differentiation  process  is  not 
sufficient  to  explain  all  the  observed  angiogenic  effects.  A  paracrine  activity  of  ASC 
is  also  frequently  proposed,  but  few  investigations  have  clearly  demonstrated  the 
true  involvement  of  ASC-secreted  factors.  In  the  same  journal  issue  than  our  semi- 
nal work,  it  was  published  that  genetic  knock-down  of  HGF  expression  in  human 
ASC  impaired  ASC-induced  neo-angiogenesis  (Bell  et  al.  2008;  Cai  et  al.  2007). 
Then  MMP  proteins  as  well  as  VEGF  and  IGF-I  were  identified  as  key  factors  in 
this  process  (Kilroy  et  al.  2007;  Sadat  et  al.  2007).  Depending  on  the  complexity  of 
revascularization,  we  can  reasonably  postulate  that  a  cocktail  of  molecules  partici- 
pates to  the  ASC-induced  neo-angiogenesis. 

It  is  also  noteworthy  that  hypoxia  promotes  both  angiogenesis  and  the  secretion 
of  angiogenic  factors  by  ASC  (Rasmussen  et  al.  201 1 ;  Rehman  et  al.  2004;  Trayhurn 
et  al.  2008).  We  also  provided  strong  evidence  that  mitochondrial  reactive  oxygen 
species  (ROS)  negatively  control  adipocyte  differentiation,  improve  their  pro- 
angiogenic  potential,  and  increase  the  number  of  ASC-derived  CD31 -positive  cells 
in  the  ischemic  area  (Traktuev  et  al.  2008).  This  suggests  that  mitochondrial  ROS 
and  the  subsequent  signaling  pathway  belong  to  the  intracellular  02- sensing  mecha- 
nism of  adipose  lineage  cells  (Carriere  et  al.  2004).  This  is  consistent  with  the  fact 
that  ROS  have  been  shown  to  play  major  and  positive  roles  in  blood  vessel  growth 
as  well  as  in  vivo  preconditioning  protection  (Murphy  and  Steenbergen  2008; 
Ushio-Fukai  and  Urao  2009).  Moreover,  the  same  stimulus  increases  the  secretion 
of  the  pro-angiogenic  and  antiapoptotic  factors  VEGF  and  HGF  and  efficiently  pro- 
tects ASC  against  oxidative  stress-induced  cell  death  (Miranville  et  al.  2004).  As 
adipocyte  hypertrophia  occurring  during  obesity  induces  hypoxia  and  then  the  gen- 
eration of  superoxide  anion  by  respiratory  chain  (Hamanaka  and  Chandel  2009;  Sun 
et  al.  2011),  we  can  speculate  that  the  same  signal  both  inhibits  the  adipogenic  dif- 
ferentiation of  ASC  and  promotes  their  angiogenic  potential.  This  in  turn  triggers 
neo-angiogenesis,  which  provides  nutrients  and  oxygen  to  the  enlarging  tissue, 
increasing  oxygen  tension,  decreasing  hypoxia,  and  promoting  adipogenesis.  In  this 
way,  adipose  tissue  can  enlarge  through  successive  waves  of  adipogenesis  and 
angiogenesis. 
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8.2    Adipose-Derived  Cells,  Smooth  Muscle  Cells, 
and  Pericytes 

Stable  mature  vasculature  requires  a  stabilizing  layer  of  mural  cells,  smooth  muscle 
cells,  and  pericytes.  ASC  can  express  many  markers  and  functionalities  (see 
Table  8.1)  consistent  with  a  smooth  muscle  phenotype  (Jeon  et  al.  2006;  Kim  et  al. 
2008;  Lee  et  al.  2006).  As  expected  for  putative  smooth  muscle  cell  precursors,  the 
expression  of  these  markers  can  be  modulated  and  is  sensitive  to  different  inducers 
such  as  sphingosylphosphorylcholine,  heparin,  TGF-beta,  or  mechanical  stimuli 
(Jeon  et  al.  2006;  Lee  et  al.  2007,  2006).  A  complete  differentiation  towards  the 
smooth  muscle  cell  phenotype,  including  functional  properties  such  as  contractibil- 
ity,  was  achieved  by  culturing  ASC  in  the  presence  of  TGF-beta  plus  BMP-4,  or 
Angiotensin  II  alone  (Kim  et  al.  2008;  Wang  et  al.  2010). 

Smooth  muscle  phenotype  seems  to  represent  a  true  potential  since  this  pheno- 
type is  more  defined  than  those  of  ASC-derived  endothelial  cells  and  that  studies 
were  carried  out  at  clonal  level  (Rodriguez  et  al.  2006).  Besides  blood  vessels, 
smooth  muscle  cells  are  contained  in  the  walls  of  various  organs  and  tubes  in  the 
body,  where  their  primary  role  is  contraction  and  relaxation.  In  this  respect,  Jack 
et  al.  reported  the  feasibility  of  urinary  bladder  tissue  engineered  from  ASC  (Jack 
et  al.  2009). 

It  was  recently  reported  that  ASC  cultured  at  high  density  with  angiogenic  stim- 
uli were  capable  of  self-assembling  into  complex,  three-dimensional  vascular  struc- 
tures. These  structures  resulted  from  complex  interactions  of  three  distinct 
subpopulations  (CD31+,  a- smooth  muscle  actin+  cells,  and  double  negative  cells) 
involving  PDGF  (Hutton  et  al.  2012).  Two  years  ago,  it  was  reported  that  similar 
structures  could  be  obtained  by  co-culture  of  endothelial  cells  and  ASC,  without 
additional  exogenous  cytokines  or  extracellular  matrix  proteins:  ASC  strongly  stim- 
ulated morphogenesis  of  endothelial  cells  into  branching  networks  of  cord  struc- 
tures. The  emergence  of  this  structure  seemed  dependent  on  matrix  metalloproteinase 
activity  and  cell  communications  through  VEGF,  HGF,  and  PDGF-BB  pathways 
and  required  bidirectional  interactions  between  both  types  of  cells  (Merfeld-Clauss 
et  al.  2010).  The  apparent  discrepancy  of  these  results  with  those  reported  above  is 
probably  explained  by  differences  between  culture  conditions,  but  also  by  the  fact 
that  the  different  groups  did  not  isolate  the  same  ASC  subset.  Indeed,  a  crucial  point 
with  adipose  tissue  is  the  need  of  an  enzymatic  proteolysis  to  separate  cells.  This 
key  process  is  not  standardized,  poorly  taken  into  account,  and  leads  to  the  isolation 
of  different  cell  fractions  with  different  differentiation  potentials. 

More  recently,  the  hypothesis  that  the  CD  146+  pericyte  population  contains 
mesenchymal  stem  cells  with  mesodermal  potential,  including  in  adipose  tissue,  has 
been  published  (Crisan  et  al.  2008).  This  idea  was  also  debated  by  Traktuev  et  al. 
who  proposed  that  resident  CD34+/CD31-/CD144-  cells,  the  phenotype  of  which  is 
identical  to  ASC,  are  located  in  the  pericytic  position  and  can  function  as  pericytes 
to  stabilize  vasculature  by  interacting  with  endothelial  cells  (Traktuev  et  al.  2008). 
In  our  hand,  the  histological  identification  of  ASC  reveals  two  locations:  rare  cells 
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are  perivascular,  but  most  of  them  are  sparsed  inside  the  stroma,  independently  to 
the  vessel  location  (Maumus  et  al.  201 1).  Again,  this  is  consistent  with  the  view  that 
it  would  exist  different  ASC  subsets. 


8.3  Conclusion 

Cell-based  therapies  would  benefit  from  a  source  of  autologous  pluripotential  and 
easily  accessible  cells.  For  more  than  20  years,  marrow  stromal  cells  have  been 
extensively  studied  and  proposed  to  repair  dammaged  tissues.  However,  clinical  tri- 
als are  hampered  by  the  low  cell  number  upon  harvest  and  pain  and  morbidity  to  the 
donor.  On  the  contrary,  adipose  tissue  can  be  obtained  in  relatively  large  quantities 
with  minimal  discomfort.  ASC  can  be  harvested  and  multiplied  easily,  they  have  a 
large  differentiation  spectrum  and  a  high  proliferative  potential.  Importantly,  ASC 
exhibit  a  strong  angiogenic  potential,  via  direct  differentiation  towards  endothelial 
and  mural  cells  and  paracine  secretion  of  pro-angiogenic  factors.  Therefore,  cell 
therapies  involving  ASC  may  offer  alternative  treatment  modalities  for  cardiovascu- 
lar therapy.  Results  already  obtained  for  the  treatment  of  myocardial  infarction  and 
peripheral  vascular  disease  and  for  the  creation  of  tisssue-engineered  vascular  grafts 
are  promising  and  confirm  the  significant  potential  of  adipose  tissue  for  use  in  autol- 
ogous cell  therapies. 
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Chapter  9 

Role  of  NPY  in  Brown  Adipocytes  and  Obesity 


Sheng  Bi 


Abstract  Neuropeptide  Y  (NPY)  plays  an  important  role  in  maintaining  energy 
homeostasis.  Within  the  hypothalamus,  Npy  is  primarily  expressed  in  the  arcuate 
nucleus  (Arc)  and  the  dorsomedial  hypothalamus  (DMH).  ARC  NPY  acts  as  an 
orexigenic  neuromodulator  integrating  energy-related  systemic  signals  (such  as  the 
adiposity  signal  leptin)  to  modulate  food  intake  and  energy  balance.  In  contrast, 
DMH  NPY  acts  independently  of  leptin.  In  addition  to  its  feeding  effects,  DMH 
NPY  has  specific  actions  on  brown  adipocyte  formation  and  thermoregulation. 
Knockdown  of  NPY  in  the  DMH  promotes  development  of  brown  adipocytes  in 
white  adipose  tissue  and  increases  brown  adipocyte  activity,  leading  to  increased 
energy  expenditure  and  lowered  fat  contents.  DMH  NPY  knockdown  prevents  high- 
fat  diet-induced  obesity.  Peripheral  NPY  also  directly  acts  on  adipose  tissue  and 
promotes  white  adipogenesis.  Overall,  NPY  plays  critical  roles  in  the  control  of 
energy  balance  through  affecting  food  intake,  body  adiposity,  and  energy  expendi- 
ture. These  actions  provide  evidence  for  the  potential  target(s)  for  combatting  obe- 
sity and  diabetes. 
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9.1  Introduction 

Two  types  of  fat,  white  adipose  tissue  (WAT)  and  brown  adipose  tissue  (BAT),  exist 
in  mammals,  including  in  adult  humans  as  recently  reported  (Cypess  et  al.  2009; 
van  Marken  Lichtenbelt  et  al.  2009;  Virtanen  et  al.  2009).  WAT  consists  of  unilocu- 
lar adipocytes  that  contain  a  large  lipid  droplet.  WAT  acts  as  an  energy  reservoir  to 
store  excess  calories  and  supply  the  stored  lipid  once  a  body  is  starved  or  increases 
energy  needs.  An  excessive  accumulation  of  WAT  over  time  due  to  constantly 
increased  energy  intake  and/or  decreased  energy  expenditure  causes  overweight 
and  obesity,  a  disorder  that  has  been  linked  to  various  life-threatening  diseases  such 
as  cardiovascular  diseases,  type  II  diabetes,  and  some  cancers.  Since  the  discovery 
of  leptin  in  1994  (Zhang  et  al.  1994),  a  hormone  produced  by  adipocytes,  the  under- 
standing of  the  adipocyte  has  significantly  increased.  In  addition  to  storing  energy, 
the  adipocyte  acts  as  a  key  endocrine  gland  secreting  various  hormones  and/or  cyto- 
kines such  as  leptin  (Ahima  et  al.  1996;  Zhang  et  al.  1994),  adiponectin  (Yamauchi 
et  al.  2001),  resistin  (Steppan  et  al.  2001),  tumor  necrosis  factor-alpha  (TNF-oc) 
(Uysal  et  al.  1997),  and  interleukin  6  (IL-6)  (Wallenius  et  al.  2002)  and  playing  a 
fundamental  role  in  regulating  energy  balance  and  glucose  homeostasis. 
Dysfunctions  of  adipocytes  have  been  demonstrated  to  cause  disordered  energy  bal- 
ance and  impaired  glucose  homeostasis.  For  instance,  deficits  in  leptin  signaling 
derived  from  either  leptin  deficiency  in  ob/ob  mice  (Ingalls  et  al.  1950)  or  its  recep- 
tor mutations  in  db/db  mice  (Hummel  et  al.  1966)  lead  to  obesity  and  diabetes 
syndromes. 

BAT  is  comprised  of  multilocular  and  mitochondrial-rich  adipocytes  that  contain 
multiple  small  lipid  droplets.  BAT  dissipates  lipid  energy  to  produce  heat  via  mito- 
chondrial uncoupling  protein  1  (UCPl)-mediated  nonshivering  thermogenesis  as  a 
defense  against  cold  and  the  potential  for  combatting  obesity/diabetes.  BAT  is  tra- 
ditionally considered  as  a  thermogenic  organ  and  primarily  present  in  small  mam- 
mals and  human  infants  for  protection  against  cold  environment.  Recently,  using  a 
combination  of  18fluoro-labeled  2-deoxyglucose  (18FDG)  positron  emission  tomog- 
raphy and  computed  tomography  (PET-CT)  technology,  active  BAT  has  been 
detected  in  adult  humans  (Cypess  et  al.  2009;  van  Marken  Lichtenbelt  et  al.  2009; 
Virtanen  et  al.  2009).  Adult  humans  have  increased  BAT  activity  during  cold  expo- 
sure, and  lowered  BAT  activity  when  they  are  overweight  or  obese  (van  Marken 
Lichtenbelt  et  al.  2009;  Virtanen  et  al.  2009),  although  the  origin  of  these  brown 
adipocytes  remains  to  be  determined.  Nevertheless,  the  findings  of  BAT  in  adult 
humans  have  led  to  a  great  interest  in  its  potential  for  fighting  against  obesity/diabe- 
tes, i.e.,  searching  for  ways  to  elevate  BAT  activity  or  to  turn  WAT  into  BAT  that 
burns  calories  instead  of  storing  them. 

Both  types  of  fat  are  innervated  by  the  sympathetic  nervous  system  (SNS) 
(Bartness  and  Bamshad  1998;  Cannon  and  Nedergaard  2004).  Activation  of  the 
sympathetic  innervation  induces  lipolysis  in  WAT  (Fredholm  and  Karlsson  1970; 
Weiss  and  Maickel  1968)  and  produces  thermogenesis  through  mitochondrial  UCP1 
in  BAT  (Cannon  and  Nedergaard  2004).  Intriguingly,  the  sympathetic  activation  via 
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treatment  of  P3 -adrenergic  receptor  (p3-AR)  agonists  or  cold  stress  also  causes 
development  of  brown  adipocytes  in  white  fat  cells  (Himms-Hagen  et  al.  1994; 
Jimenez  et  al.  2003;  Nagase  et  al.  1996).  Follow  up  studies  demonstrate  the  transdif- 
ferentiation  of  white  to  brown  adipocytes  as  multilocular  fat  cells  (brown-like  adi- 
pocytes) in  WAT  induced  by  P3-AR  agonist  derive  from  unilocular  white  adipocytes 
(Himms-Hagen  et  al.  2000).  Consistent  with  this  finding,  the  emergence  of  cold- 
induced  brown  adipocytes  in  white  fat  depots  is  determined  predominantly  by  white 
to  brown  adipocyte  transdifferentiation  with  evidence  of  transdifferentiating  pauci- 
locular  adipocytes  (Barbatelli  et  al.  2010).  In  contrast,  Petrovic  et  al.  (2010)  argued 
against  this  idea  and  proposed  two  different  progenitor  cells  in  BAT  and  WAT, 
respectively.  The  classical  brown  adipocytes  such  as  interscapular  BAT  are  derived 
from  "adipomyocytes"  that  share  their  origin  with  myocytes  (Seale  et  al.  2008).  The 
other  is  atypical  brown  adipocytes  called  "brite"  adipocytes  (brown-in- white,  i.e., 
the  brown  adipocyte-like  adipocytes  induced  in  white  adipocytes,  or  "beige"  cells) 
developing  from  an  origin  that  shares  a  common  precursor  with  white  adipocytes 
(Petrovic  et  al.  2010).  In  support  of  this  view,  Wu  and  colleagues  (2012)  have  identi- 
fied these  beige  cells  as  a  distinct  type  of  thermogenic  fat  cell  in  both  mouse  and 
human.  Using  viral-mediated  RNA  interference  (RNAi)  for  specifically  knocking 
down  neuropeptide  Y  (NPY)  in  the  dorsomedial  hypothalamus  (DMH),  Chao  et  al. 
(2011)  reported  that  DMH  NPY  knockdown  promotes  development  of  brown  adi- 
pocytes in  WAT,  elevates  interscapular  BAT  activity,  and  prevents  high-fat  diet- 
induced  obesity  and  impaired  glucose  homeostasis.  This  chapter  will  focus  on  the 
role  of  NPY  in  brown  adipocyte  formation  and  actions  on  obesity. 

NPY  is  a  36-amino  acid  neuropeptide  that  was  discovered  by  Tatemoto  and  col- 
leagues (1982)  and  belongs  to  the  pancreatic  polypeptide  family  that  includes  pep- 
tide tyrosine-tyrosine  (PYY)  and  pancreatic  polypeptide  (PP)  (Tatemoto  1982; 
Tatemoto  et  al.  1982).  NPY  is  ubiquitously  distributed  in  both  central  and  peripheral 
nervous  systems.  It  is  prevalent  in  central  cortical,  limbic,  and  hypothalamic  regions 
(Adrian  et  al.  1983;  Allen  et  al.  1983)  and  in  the  peripheral  SNS  (Lundberg  et  al. 
1982).  NPY  exhibits  a  variety  of  biological  and  physiological  actions  including 
feeding,  thermoregulation,  locomotor  activity,  cardiovascular  function,  cognition 
and  memory,  and  stress-related  behaviors  (Bi  2007;  Colmers  and  Wahlestedt  1993; 
Gray  and  Morley  1986).  Hypothalamic  NPY  plays  a  pivotal  role  in  the  control  of 
food  intake  and  body  weight.  Central  administration  of  NPY  via  intracerebroven- 
tricular  (icv)  (Clark  et  al.  1984;  Levine  and  Morley  1984)  or  intrahypothalamic 
injection  (Stanley  et  al.  1986;  Stanley  and  Leibowitz  1985)  causes  robust  increases 
in  food  intake  and  body  weight  and,  with  chronic  administration,  can  eventually 
produce  obesity  (Zarjevski  et  al.  1993).  In  addition  to  its  orexigenic  effects,  icv 
administration  of  NPY  promotes  WAT  lipid  storage  and  decreases  BAT  thermogen- 
esis  (Billington  et  al.  1991).  Central  administration  of  NPY  suppresses  sympathetic 
activity  in  interscapular  BAT  in  rats  (Egawa  et  al.  1991).  Thus,  hypothalamic  NPY 
not  only  acts  as  an  orexigenic  peptide,  but  also  affects  adipocyte  lipid  mobilization 
and  BAT  functions. 
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9.2    Role  of  Arcuate  NPY  in  Adiposity 


Within  the  hypothalamus,  NPY-expressing  neurons  have  been  identified  in  the  arcu- 
ate nucleus  (ARC)  and  the  DMH  (Bi  et  al.  2003;  White  and  Kershaw  1990).  As 
shown  in  Fig.  9.1,  Npy  gene  expression  is  found  in  both  the  ARC  and  the  DMH  of 
rat  (Fig.  9.1a)  and  nonhuman  primate  brains  (Fig.  9.1b),  although  the  expression 
level  of  DMH  NPY  is  much  lower  than  that  within  the  ARC.  The  actions  of  ARC 
NPY  in  the  control  of  food  intake  and  energy  balance  have  been  documented.  The 
ARC  contains  two  distinct  populations  of  neurons:  orexigenic  neuropeptide  NPY/ 
agouti-related  protein  (AgRP)  neurons  and  anorexigenic  proopiomelanocortin 
(POMC)  neurons.  Both  types  of  neurons  contain  leptin  receptors  (LepRbs).  Leptin 
acts  on  these  neurons  to  down-regulate  Npy/Agrp  gene  expression  and  upregulate 
Pome  gene  expression  (Schwartz  et  al.  2000).  Collectively,  these  two  neural  systems 
integrate  adiposity  signals  (such  as  leptin)  and  nutrient  signals  as  well  as  other  hor- 
monal signals  (such  as  ghrelin)  to  modulate  food  intake  and  energy  balance  (Cone 
2006;  Elmquist  et  al.  1999;  Flier  2004;  Friedman  and  Halaas  1998;  Nakazato  et  al. 
2001;  Schwartz  et  al.  2000).  Consistent  with  this  view,  while  ARC  Npy  mRNA  or 
peptide  levels  are  elevated  in  genetic  obesity  animals  with  leptin  signaling  deficits 


Fig.  9.1  In  situ  hybridization 
with  [35S] -labeled  antisense 
riboprobe  of  rodent  or  human 
Npy  shows  Npy  gene 
expression  in  the  arcuate 
nucleus  (ARC)  and  the 
dorsomedial  hypothalamus 
(DMH)  in  both  rats  (a)  and 
adult  rhesus  monkey  brain  (b) 
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including  fatty  Zucker  (fa/fa)  rats,  obese  (cp/cp)  JCR:LA  corpulent  (Koletsky)  rat, 
ob/ob  mice,  and  db/db  mice  (Beck  2006;  Sanacora  et  al.  1990;  Wilding  et  al.  1993), 
such  elevations  are  not  evident  in  other  obesity  models  such  as  those  resulting  from 
hyperphagia  (Bi  et  al.  2001),  overfeeding  (McMinn  et  al.  1998),  or  access  to  a  high- 
fat  diet  (Giraudo  et  al.  1994;  Stricker-Krongrad  et  al.  1998)  in  which  levels  of  ARC 
Npy  expression  are  actually  decreased,  likely  as  a  response  to  increased  levels  of 
leptin  and  body  weight.  Although  data  from  mouse  models  with  targeted  disruption 
of  NPY  [either  knockout  (Erickson  et  al.  1996a)  or  transcriptional  alterations 
through  doxycycline-regulated  system  (Ste  Marie  et  al.  2005)]  have  failed  to  dem- 
onstrate significant  effects  on  food  intake  or  body  weight,  the  deletion  of  NPY  does 
attenuate  a  hyperphagic  and  obese  phenotype  of  leptin-deficient  ob/ob  mice 
(Erickson  et  al.  1996b)  and  genetic  ablation  of  neurons  expressing  NPY/AgRP  in 
adult  mice  results  in  a  hypophagic  and  lean  phenotype  (Bewick  et  al.  2005;  Gropp 
et  al.  2005).  Moreover,  consistent  with  ARC  NPY  mediation  of  food  deprivation- 
induced  feeding,  specific  knockdown  of  NPY  in  the  ARC  via  adeno-associated 
virus  (AAV)-mediated  RNAi  attenuates  the  feeding  response  to  food  deprivation 
(Yang  et  al.  2009).  AAV-mediated  expression  of  antisense  Npy  cRNA  in  the  ARC  of 
adult  rats  decreases  NPY  expression  and  results  in  decreased  food  intake  and  body 
weight  (Gardiner  et  al.  2005),  whereas  AAV-mediated  overexpression  of  NPY  in  the 
ARC  causes  overeating,  sustained  body  weight  gain,  and  severe  obesity  in  adult  rats 
(Sousa-Ferreira  et  al.  2011).  Together,  these  data  demonstrate  that  ARC  NPY  acts 
as  an  orexigenic  peptide  to  modulate  food  intake  and  energy  balance  to  affect  adi- 
posity, but  whether  ARC  NPY  has  adipocyte-specific  effects,  in  addition  to  feeding 
effects,  has  yet  to  be  reported. 


9.3    Role  of  DMH  NPY  in  Adiposity 

Elevation  or  induction  of  Npy  gene  expression  in  the  DMH  in  specific  animal  mod- 
els with  increased  energy  demands  (Bi  et  al.  2003;  Kawaguchi  et  al.  2005;  Smith 
1993)  and  several  rodent  models  of  obesity  (Bi  et  al.  2001;  Guan  et  al.  1998a, 
1998b;  Kesterson  et  al.  1997;  Tritos  et  al.  1998)  implicates  DMH  NPY  in  the  con- 
trol of  energy  balance.  In  support  of  this  view,  recent  evidence  has  demonstrated  a 
role  for  DMH  NPY  in  modulating  food  intake  and  energy  balance  (Yang  et  al.  2009) 
and  intriguingly  in  affecting  brown  adipocyte  formation  and  thermoregulation 
(Chao  et  al.  2011). 


9.3.1    Leptin-Independent  Control  of  DMH  NPY 

While  ARN  NPY  serves  as  one  of  the  downstream  mediators  of  leptin 's  actions  or 
is  under  the  control  of  the  adiposity  signal  leptin,  DMH  NPY  acts  independently  of 
leptin.  DMH  NPY  neurons  do  not  contain  LepRbs,  although  abundant  LepRbs  are 


174 


S.Bi 


present  in  the  DMH  (Bi  et  al.  2003).  Dual  in  situ  hybridization  histochemistry 
revealed  that  while  Npy  and  LepRbs  are  co-expressed  in  ARC  neurons,  DMH  Npy- 
expressing  neurons  do  not  co-express  LepRbs  (Bi  et  al.  2003).  Npy  gene  expression 
is  increased  in  the  ARC  in  response  to  acute  food  deprivation,  a  time  when  circulat- 
ing leptin  levels  are  low,  whereas  DMH  Npy  expression  is  only  significantly 
increased  in  rats  with  chronic  food  restriction  (Bi  et  al.  2003).  Moreover,  Npy  gene 
expression  is  elevated  or  induced  in  the  DMH  of  specific  rodent  models  of  obesity 
including  the  lethal  yellow  agouti  (Ay)  (Kesterson  et  al.  1997),  MC4R  knockout 
(Kesterson  et  al.  1997),  diet-induced  obese  (Guan  et  al.  1998a),  tubby  (Guan  et  al. 
1998b),  and  brown  adipose  tissue-deficient  obese  mice  (Tritos  et  al.  1998),  and 
Otsuka  Long-Evans  Tokushima  Fatty  (OLETF)  rats  (Bi  et  al.  2001),  but  such  eleva- 
tion or  induction  is  not  evident  in  lep tin-deficient  ob/ob  mice  (Kesterson  et  al. 
1997).  In  fact,  while  Npy  gene  expression  is  significantly  increased  in  the  ARC  of 
obese  animals  with  leptin  signaling  deficiency  (Beck  2006;  Sanacora  et  al.  1990; 
Wilding  et  al.  1993),  obese  animals  with  DMH  NPY  overexpression  generally  have 
significantly  decreased  expression  of  Npy  in  the  ARC  (Bi  et  al.  2001;  Guan  et  al. 
1998a;  Kesterson  et  al.  1997).  Thus,  ARC  and  DMH  NPY  signals  are  differentially 
regulated  and  they  each  likely  elicit  distinct  actions  in  the  control  of  energy 
balance. 


9.3.2    DMH  NPY  in  Brown  Adipocyte  Development 

Previous  studies  have  shown  that  in  addition  to  its  orexigenic  effects,  icv  adminis- 
tration of  NPY  increases  WAT  lipoprotein  lipase  activity  (suggesting  increased  lipid 
storage)  and  decreases  BAT  GDP  binding  activity  (indicating  decreased  thermo- 
genic activity)  (Billington  et  al.  1991)  and  that  central  administration  of  NPY  sup- 
presses sympathetic  activity  in  interscapular  BAT  in  rats  (Egawa  et  al.  1991).  These 
data  suggest  a  role  for  NPY  in  lipid  mobilization  and  thermoregulation,  but  the 
source  of  central  NPY  contributing  to  these  actions  has  not  been  determined. 
Manipulation  of  Npy  gene  expression  in  the  DMH  using  AAV-mediated  RNAi 
revealed  that  knockdown  of  NPY  in  the  DMH  produces  not  only  a  nocturnal  and 
meal  size-specific  reduction  in  feeding  (Yang  et  al.  2009),  but  also  site-specific 
effects  on  adiposity  (Chao  et  al.  2011).  DMH  NPY  knockdown  decreases  subcuta- 
neous inguinal  fat  mass  in  rats  on  regular  chow  and  ameliorates  high-fat  diet- 
induced  increases  in  fat  accumulations  including  inguinal  and  epididymal  fat  and 
interscapular  BAT  mass  (Chao  et  al.  2011).  Intriguingly,  DMH  NPY  knockdown 
promotes  development  of  brown  adipocytes  in  inguinal  WAT.  As  shown  in  Fig.  9.2, 
while  inguinal  adipocytes  of  control  rats  contain  unilocular  adipocytes,  typical 
white  adipocytes  (Fig.  9.2a),  inguinal  adipose  tissue  of  NPY  knockdown  rats  con- 
tains large  clusters  of  multilocular  adipocytes  (brown-like  adipocytes)  (Fig.  9.2b). 
The  BAT-specific  marker  UCP1  is  highly  detected  in  these  new  formed  cells  and 
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Fig.  9.2  Representative  H&E  (hematoxylin  and  eosin)  stain  shows  unilocular  adipocytes  in  ingui- 
nal white  adipose  tissue  (WAT)  of  rats  receiving  bilateral  DMH  injections  of  control  adeno- 
associated  viral  vector  containing  scrambled  shRNA  (AAVshCTL)  (a)  and  multilocular  adipocytes 
(brown-like  adipocytes)  in  inguinal  fat  of  rats  receiving  bilateral  DMH  injections  of  AAV-mediated 
RNAi  vector  (AAVshNPY)  (b).  Inguinal  fat  temperature  over  the  24-h  period  (c)  and  mean  ±  SEM 
temperature  during  the  dark  and  the  light  (d)  in  rats  at  an  ambient  room  temperature  condition. 
Black  bar  indicates  the  dark  cycle.  *P<0.05  compared  to  AAVshCTL  rats 


also  in  a  number  of  unilocular  adipocytes  around  these  clusters  (Chao  et  al.  2011). 
UCP1  expression  in  this  inguinal  fat  is  further  confirmed  by  using  both  real-time 
RT-PCR  (reverse  transcriptase-polymerase  chain  reaction)  and  Western  blot  analy- 
ses (Chao  et  al.  201 1).  But,  whether  these  browning  adipocytes  in  WAT  are  directly 
derived  from  specific  precursor  cells  such  as  beige  cells,  or  transdifferentiated  from 
unilocular  white  adipocytes,  or  both,  remains  to  be  determined. 

Elevation  of  UCP1  contributes  to  increased  thermogenesis  of  BAT  (Cannon  and 
Nedergaard  2004).  Consistent  with  this  view,  we  have  demonstrated  increased  ther- 
mogenesis in  inguinal  browning  fat  of  NPY  knockdown  rats.  In  the  study,  the  ingui- 
nal fat  temperature  was  directly  examined  using  a  radio  transmitter  device  (E-mitter, 
Mini-Mitter)  that  was  buried  under  the  inguinal  fat.  At  an  ambient  room  tempera- 
ture condition  (23  ±  1  °C),  the  inguinal  fat  temperature  is  significantly  increased 
during  the  dark  period  in  rats  with  DMH  NPY  knockdown  compared  to  control 
animals  (Fig.  9.2c,  d). 
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Consistent  with  the  SNS  mediation  of  WAT  into  BAT  transformation  (Himms- 
Hagen  et  al.  1994;  Jimenez  et  al.  2003;  Nagase  et  al.  1996),  the  sympathetic  inner- 
vation contributes  DMH  NPY  knockdown-induced  transformation  of  white  to 
brown  adipocytes  in  inguinal  WAT.  The  study  of  sympathetic  denervation  with  a 
regional  injection  of  the  neurotoxin  6-hydroxy dopamine  (6-OHDA)  revealed  that 
in  the  rats  with  DMH  NPY  knockdown,  unilateral  injection  of  6-OHDA  into  the 
inguinal  fat  area  results  in  significantly  less  browning  on  the  side  of  6-OHDA  injec- 
tion, whereas  the  site  of  inguinal  fat  receiving  saline  injection  becomes  brown-like 
fat  (Chao  et  al.  2011).  This  observation  was  further  confirmed  by  the  findings  that 
(1)  numerous  clusters  of  brown-like  adipocytes  (multilocular  adipocytes)  remain 
on  the  side  of  saline-treated  inguinal  fat,  whereas  brown-like  adipocytes  are  dra- 
matically reduced  by  6-OHDA  treatment  and  (2)  6-OHDA  treatment  also  prevents 
UCP1  expression  in  inguinal  adipocytes  at  both  the  protein  and  mRNA  levels  (Chao 
et  al.  2011). 

Although  the  specific  neural  signaling  pathway  underlying  the  effects  of  DMH 
NPY  on  inguinal  adiposity  remains  to  be  determined,  evidence  from  viral  transsyn- 
aptic  retrograde  tracing  studies  provides  support  for  the  idea  that  DMH  NPY  modu- 
lates SNS  innervation  on  inguinal  WAT.  Less  viral  tracing  is  detected  in  the  DMH 
in  animals  receiving  epididymal  viral  injection  than  those  receiving  inguinal  injec- 
tion (Bamshad  et  al.  1998),  implying  that  the  central  nervous  control  of  inguinal 
WAT  is  more  DMH  related  than  that  of  epididymal  WAT,  i.e.,  DMH  NPY  may  serve 
as  a  central  modulator  influencing  SNS  outflow  to  inguinal  WAT. 

On  the  molecular  level,  a  number  of  transcription  factors  regulate  development 
of  brown  adipocytes.  Peroxisome  proliferator-activated  receptor-y  (PPAR-y)  is  an 
essential  factor  for  the  development  of  both  white  and  brown  fat  cells  (Rosen  et  al. 
1999).  Chronic  treatment  with  the  PPAR-y  agonist  rosiglitazone  promotes  brown 
adipogenesis  in  WAT  characterized  with  distinct  adipocytes,  namely,  "brite"  adipo- 
cytes (Petrovic  et  al.  2010).  The  rosiglitazone  treatment  causes  not  only  the  expres- 
sion of  the  PPAR-y  coactivator-la  (PGC-la)  and  mitochondriogenesis,  but  also 
norepinephrine  (NE)-augmentable  expression  of  UCP1  in  these  brite  cells  (Petrovic 
et  al.  2010).  PGC-la  is  another  key  factor  involved  in  brown  adipocyte  development 
and  thermogenesis  (Handschin  and  Spiegelman  2006).  Ectopic  expression  of 
PGC-la  in  white  fat  cells  induces  a  number  of  mitochondrial  genes  and  thermo- 
genic genes,  such  as  Ucpl,  whereas  genetic  ablation  of  PGC-la  results  in  reduced 
capacity  for  cold-induced  thermogenesis  in  vivo  (Puigserver  et  al.  1998).  DMH 
NPY  knockdown  promotes  both  Ppar-y  and  Pgc-la  gene  expression  in  inguinal  fat 
(Chao  et  al.  2011),  suggesting  that  the  browning  effects  of  DMH  NPY  knockdown 
on  inguinal  WAT  are  likely  mediated  through  affecting  these  key  transcription  fac- 
tors, but  the  detailed  molecular  control  of  this  white  to  brown  adipocyte  transforma- 
tion merits  further  investigation. 
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Fig.  9.3  Effects  of 
manipulation  of  NPY 
expression  in  the  DMH  on 
blood  triglyceride  (a)  and 
free  fatty  acid  levels  (b). 
AAVGFP,  rats  receiving 
bilateral  DMH  injections  of 
control  AAV  vector 
(AAVGFP);  AAVNPY,  rats 
receiving  bilateral  DMH 
injections  of  AAV-mediated 
NPY  expression  vector 
(AAVNPY) 
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9.3.3    DMH  NPY  Affects  Inguinal  Lipid  Mobilization 
and  Blood  Fat  Levels 

Fatty  acid  synthase  (FAS)  and  carnitine  palmitoyltransferase  1  (CPT1)  are  two  impor- 
tant enzymes  involved  in  fat  metabolism.  FAS  plays  a  key  role  in  fatty  acid  synthesis, 
whereas  CPT1  is  the  rate-limiting  enzyme  controlling  fatty  acid  oxidation.  Compared 
to  control  rats,  Cptl  gene  expression  is  significantly  increased  in  the  inguinal  fat  of 
NPY  knockdown  rats  with  a  trend  toward  a  decrease  in  Fas  gene  expression  (Chao 
et  al.  2011),  indicating  a  shift  from  lipogenesis  to  fatty  acid  oxidation  in  this  tissue. 
Consistent  with  this  view,  the  weight  of  inguinal  fat  mass  is  significantly  decreased  in 
NPY  knockdown  rats  as  compared  with  their  control  counterparts  (Chao  et  al.  201 1). 
Importantly,  DMH  NPY  knockdown  results  in  decreased  levels  of  both  blood  triglyc- 
eride (Fig.  9.3a)  and  free  fatty  acid  (Fig.  9.3b),  whereas  NPY  overexpression  in  the 
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DMH  causes  increased  levels  of  blood  triglyceride  (Fig.  9.3a).  These  data  indicate 
that  DMH  NPY  is  an  important  neuromodulator  in  modulation  of  fat  utilization. 
Specifically,  the  browning  effects  of  NPY  knockdown  on  fat  may  contribute  to  these 
reductions  of  blood  triglyceride  and  free  fatty  acid  levels  since  BAT  activity  has  been 
demonstrated  to  control  triglyceride  clearance  (Bartelt  et  al.  2011). 


9.3.4   DMH  NPY  Affects  Interscapular  BAT  Activity 

Evidence  has  indicated  the  importance  of  the  DMH  in  regulating  sympathetic  nerve 
activity  to  interscapular  BAT  and  thermogenesis.  Stimulation  or  disinhibition  of 
neurons  in  the  DMH  by  parenchymal  microinjection  of  glutamate  or  y-aminobutyric 
acid  (GABA)-A  receptor  antagonist  results  in  great  increases  in  sympathetic  nerve 
activity  to  interscapular  BAT  and  increases  in  BAT  and  core  body  temperature 
(Dimicco  and  Zaretsky  2007;  Morrison  and  Nakamura  201 1).  Collectively,  the  DMH 
has  been  proposed  as  an  intermediate  relay  receiving  the  inputs  from  the  hypotha- 
lamic preoptic  area  (POA),  a  center  of  integrating  centrally  and  peripherally  thermal 
signals,  and  sending  the  outputs  to  the  rostral  raphe  pallidus  (rRP)  in  the  medulla, 
the  area  containing  premotor  neurons  that  innervate  SNS  to  interscapular  BAT 
(Dimicco  and  Zaretsky  2007;  Morrison  and  Nakamura  2011).  Although  the  nature 
of  DMH  neurons  mediating  these  effects  has  not  yet  been  fully  characterized,  DMH 
NPY  may  serve  as  one  of  the  mediators.  DMH  NPY  knockdown  results  in  increased 
Ucpl  gene  expression  in  the  interscapular  BAT,  whereas  NPY  overexpression  in  the 
DMH  causes  decreased  expression  of  Ucpl  in  this  fat  tissue  (Fig.  9.4a).  This  sug- 
gests that  DMH  NPY  affects  interscapular  BAT  activity  or  thermogenesis.  In  sup- 
port of  this  view,  DMH  NPY  knockdown  results  in  increased  interscapular  BAT 
thermogenesis  as  directly  determined  by  increased  BAT  temperature.  At  an  ambient 
room  temperature  condition  (23  ±  1  °C),  interscapular  BAT  temperature  is  signifi- 
cantly increased  during  the  dark  with  a  trend  for  increases  during  the  light  compared 
to  control  animals  (Fig.  9.4b,  c).  Thus,  DMH  NPY  also  modulates  interscapular 
BAT  thermogenesis  or  activity  to  affect  energy  expenditure. 


9.3.5   Role  of  DMH  NPY  in  Energy  Expenditure 

Consistent  with  the  actions  of  DMH  NPY  on  activity  of  both  inguinal  fat  and  inter- 
scapular BAT,  manipulation  of  DMH  NPY  expression  affects  energy  expenditure 
and  thermogenesis.  Using  an  oxymax  equal  flow  indirect  calorimetric  system,  we 
determined  that  DMH  NPY  knockdown  results  in  increased  oxygen  consumption 
during  both  dark  and  light  phases  of  the  circadian  cycle  at  an  ambient  room  tem- 
perature condition  (23  ±1  °C)  (Fig.  9.5a),  indicating  that  rats  with  DMH  NPY 
knockdown  have  increased  daily  energy  metabolism.  NPY  knockdown  rats  also 
have  decreased  respiratory  exchange  rate  (RER)  during  the  dark  and  across  24  hours 
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Fig.  9.4  Effects  of  manipulation  of  DMH  NPY  expression  on  the  expression  of  uncoupling  pro- 
tein 1  (UCP1)  in  interscapular  brown  adipose  tissue  (BAT)  (a),  and  effects  of  NPY  knockdown  in 
the  DMH  on  interscapular  BAT  temperature  over  the  24-h  period  (b)  and  mean  ±  SEM  BAT  tem- 
perature during  the  dark  and  light  period  (c)  in  rats  at  an  ambient  room  temperature  condition. 
*P<0.05  compared  to  AAVshCTL  rats 


(Fig.  9.5b),  indicating  increased  lipid  oxidation.  As  a  result,  energy  expenditure 
(EE)  is  significantly  increased  over  the  24  h  period  (Fig.  9.5c).  Furthermore, 
although  core  body  temperature  does  not  differ  between  NPY  knockdown  and  con- 
trol rats  at  room  temperature  (23  ±1  °C),  NPY  knockdown  rats  have  a  greater 
increase  in  thermogenic  response  to  6  h  of  cold  exposure  (6  °C)  compared  to  their 
control  counterparts  (Chao  et  al.  2011).  In  response  to  6  h  of  cold  exposure, 
Ucpl  gene  expression  is  significantly  elevated  in  the  interscapular  BAT  of  control 
rats  (Fig.  9.6a)  and  DMH  NPY  knockdown  enhances  this  elevation  (Fig.  9.6a).  Six 
hours  of  cold  exposure  does  not  induce  Ucpl  gene  expression  in  inguinal  WAT  of 
control  rats,  but  Ucpl  gene  expression  is  largely  induced  in  inguinal  WAT  of  rats 
with  DMH  NPY  knockdown  (Fig.  9.6b).  Overall,  DMH  NPY  plays  a  functional  role 
in  the  regulation  of  thermogenesis  and  energy  expenditure  likely  through  affecting 
the  activity  of  both  inguinal  fat  and  interscapular  BAT. 
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Fig.  9.5  Effects  of  DMH  NPY  knockdown  on  oxygen  consumption  (a),  respiratory  exchange  rate 
(RER)  (b),  and  energy  expenditure  (EE)  (c)  in  rats  at  room  temperature.  Black  bar  indicates  the 
dark  cycle.  *P<0.05  compared  to  AAVshCTL  rats 
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Fig  9.6  Effects  of  DMH  NPY  knockdown  on  Ucpl  gene  expression  in  interscapular  BAT  (a)  and 
inguinal  fat  (b)  in  response  to  6  h  of  cold  exposure  (6  °C).  AAVshCTL  RT,  AAVshCTL  rats  at  room 
temperature;  AAVshCTL  Cold,  AAVshCTL  rats  at  6  °C;  and  AAVshNPY  Cold,  AAVshNPY  rats 
at  6  °C.  *P<0.05  compared  to  AAVshCTL  rats.  #P<0.05  compared  to  AAVshCTL  Cold 


9.4    Role  of  Peripheral  NPY  in  Adiposity 


Peripheral  NPY  is  primarily  produced  in  the  SNS  and  co-operates  with  NE  to  affect 
sympathetic  control  of  various  tissues  (Lundberg  et  al.  1982)  including  adipose  tis- 
sue (Bartness  and  Bamshad  1998).  Adipose  tissue  also  contains  NPY  and  its  Yl  and 
Y2  receptors  (Kuo  et  al.  2007;  Yang  et  al.  2008).  Peripheral  NPY  acts  directly  on 
adipose  tissue  and  mediates  stress-induced  obesity  and  metabolic  syndrome  through 
its  interacting  with  Y2  receptors  (Kuo  et  al.  2007).  While  activation  of  the  sympa- 
thetic innervation  and  the  resultant  release  of  NE  induces  lipolysis  in  WAT 
(Fredholm  and  Karlsson  1970;  Weiss  and  Maickel  1968),  the  release  of  NPY  from 
sympathetic  nerves  upregulates  NPY  and  Y2  receptors  in  adipose  tissue,  leading  to 
adipogenesis  directly  by  stimulating  proliferation  and  differentiation  of  preadipo- 
cytes  and  indirectly  by  angiogenesis  (Kuo  et  al.  2007).  Consistent  with  this  view, 
pharmacological  antagonism  or  genetic  knockdown  of  peripheral  Y2  receptors  pre- 
vents high-fat  diet-induced  obesity  (Kuo  et  al.  2007;  Shi  et  al.  2011).  Adipose  Yl 
receptors  have  also  been  shown  to  contribute  to  the  effects  of  peripheral  NPY  on 
adipogenesis.  Adipose  NPY  promotes  proliferation  of  adipocyte  precursor  cells  via 
the  Yl  receptor  (Yang  et  al.  2008)  and  adipose  Yl  receptors  regulate  lipid  oxidation 
and  fat  accretion  (Zhang  et  al.  2010).  Thus,  while  central  NPY-Y1/2  systems  have 
specific  effects  on  feeding  to  modulate  energy  balance  (Lin  et  al.  2004),  adipose 
Yl/2  receptors  mediate  the  actions  of  peripheral  NPY  on  adipogenesis  and  fat  accu- 
mulation, eventually  leading  to  development  of  obesity. 
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9.5  Conclusions 

NPY  plays  an  important  role  in  maintaining  energy  homeostasis.  In  response  to 
energy  needs  or  a  change  in  energy  status,  ARC  NPY  acts  as  an  orexigenic  peptide 
to  modulate  food  intake  and  energy  balance.  Particularly,  ARC  NPY  serves  as  one 
of  the  downstream  mediators  of  leptin's  actions.  In  contrast,  DMH  NPY  acts  inde- 
pendently of  leptin.  In  addition  to  its  feeding  effect,  DMH  NPY  has  specific  actions 
on  brown  adipocyte  formation  and  thermoregulation.  Knockdown  of  NPY  in  the 
DMH  promotes  development  of  brown  adipocytes  in  WAT  and  elevates  BAT  activ- 
ity, leading  to  increased  energy  expenditure  and  lowered  fat  contents.  DMH  NPY 
knockdown  prevents  high-fat  diet-induced  obesity.  Peripheral  NPY  also  directly 
acts  on  adipose  tissue  and  promotes  white  adipogenesis.  Overall,  NPY  plays  critical 
roles  in  the  control  of  energy  balance  through  affecting  food  intake,  body  adiposity, 
and  energy  expenditure.  These  actions  provide  potential  target(s)  for  combatting 
obesity  and  diabetes. 
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Chapter  10 

Leptin,  Adiponectin,  and  Other  Adipokines 
in  Regulation  of  Adipose  Tissue  Angiogenesis 


Ebba  Brakenhielm  and  Yihai  Cao 


Abstract  Adipose  tissue  plays  an  important  endocrine  role  through  the  production 
of  secreted  factors,  termed  adipokines.  These  include  hormones  such  as  leptin,  adi- 
ponectin,  resistin,  omentin,  apelin,  and  vaspin;  classical  cytokines  such  as  tumor 
necrosis  factor-a,  interleukin-6,  and  transforming  growth  factor-p;  enzymes  such  as 
lipoprotein  lipase,  visfatin,  and  angiogenin;  and  finally  traditional  growth  factors 
such  as  vascular  endothelial  growth  factor  (VEGF)-A,  hepatocyte  growth  factor, 
and  angiopoietin-like  protein-4.  Recently,  it  has  been  discovered  that  apart  from 
their  role  in  regulation  of  physiological  processes,  such  as  energy  metabolism,  food 
intake,  and  immunity,  some  adipokines  are  important  regulators  of  angiogenesis. 
For  example,  leptin  is  a  potent  stimulator  of  angiogenesis  that  acts  in  synergy  with 
VEGF-A.  In  contrast,  adiponectin  has  been  suggested  as  an  adipose-derived  angio- 
genic inhibitor.  Given  that  adipose  tissue  expansion  is  angiogenesis-dependent,  the 
local  production  in  white  and  brown  adipose  tissues  of  adipokine  angiogenic  regula- 
tors may  play  a  crucial  role  in  adipogenesis.  This  raises  the  question  as  to  what 
extent  the  different  adipokines  influence  adipose  tissue  vascular  growth  and  remod- 
eling during  normal  adipose  tissue  growth  and  in  development  of  obesity.  In  this 
chapter,  we  summarize  the  evidence  in  support  of  adipokines  as  important  endoge- 
nous angiogenic  regulators.  Further,  we  hint  at  what  might  be  a  deregulated 
adipokine-mediated  angiogenic  process  occurring  during  pathological  expansion  of 
adipose  tissue  as  seen  in  obesity. 
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10.1  Introduction 

Adipose  tissue  not  only  serves  as  a  site  of  energy  storage,  but  also  plays  a  dynamic 
endocrine  role,  as  recognized  almost  20  years  ago,  through  the  production  and 
release  of  adipose-derived  factors,  termed  adipokines  (Kershaw  and  Flier  2004). 
These  include  hormones  such  as  leptin,  adiponectin,  resistin,  omentin,  apelin,  and 
vaspin;  classical  cytokines  such  as  tumor  necrosis  factor  (TNF)-a,  interleukin  (IL)-6, 
and  transforming  growth  factor  (TGF)-p;  enzymes  such  as  lipoprotein  lipase  (LPL), 
17-P-hydroxy steroid  dehydrogenase  (HSD),  visfatin,  and  angiogenin;  and  finally 
traditional  growth  factors  such  as  vascular  endothelial  growth  factor  (VEGF)-A, 
hepatocyte  growth  factor  (HGF),  and  angiopoietin-like  protein  (Angptl)-4. 
These  systemically  secreted  factors  are  critically  involved  in  diverse  body  processes 
(Table  10.1),  such  as  energy  metabolism  and  food  intake,  inflammation  and  immu- 
nity, insulin  sensitivity,  reproduction,  as  well  as  vascular  tone  (Waki  and  Tontonoz 
2007;  Gualillo  et  al.  2007;  Lago  et  al.  2007;  Maenhaut  and  Van  de  Voorde  2011). 
Moreover,  these  adipose  tissue-derived  signaling  molecules  play  key  roles  in  modu- 
lation of  obesity  and  related  metabolic  disorders,  including  insulin  resistance 
(Matsuzawa  2006;  Deng  and  Scherer  2011;  Northcott  et  al.  2012). 

Apart  from  the  well-recognized  role  of  many  growth  factors  in  stimulation  of 
angiogenesis,  there  is  accumulating  evidence  that  several  other  adipokines  may 
directly  or  indirectly  impact  angiogenesis.  Some  of  these  adipose  tissue-derived 
factors,  such  as  TNF-oc  and  vaspin,  may  preferentially  operate  in  a  paracrine  manner 
influencing  local  adipose  tissue  responses,  whereas  others,  such  as  leptin  and  adipo- 
nectin, may  potentially  also  act  in  an  endocrine  fashion  to  regulate  angiogenesis  at 
distant  sites.  Given  the  recent  findings  that  adipose  tissue  expansion  is  angiogenesis- 
dependent  (Rupnick  et  al.  2002;  Brakenhielm  et  al.  2004a),  the  question  arises 
whether  adipokines  differentially  may  regulate  adipose  tissue  vascular  growth  and 
remodeling  during  normal  adipose  tissue  expansion  vs.  in  obesity.  In  this  chapter, 
we  will  go  through  the  evidence  of  adipokines  as  important  angiogenic  regulators 
with  both  local  and  potential  systemic  impact.  Further,  we  will  summarize  the  data 
concerning  the  altered  adipokine  balance  found  in  obesity,  hinting  at  what  might  be 
a  deregulated  angiogenic  process  during  pathological  expansion  of  adipose  tissue. 


10.2    VEGF-A,  HGF,  and  Other  Known  Angiogenic 
Regulators 

It  has  long  been  realized  by  surgeons  that  adipose  tissue,  especially  omental  fat 
depots,  can  improve  wound  healing  by  stimulating  vascular  regrowth  (Silverman 
et  al.  1988;  Cao  2007).  This  pro-angiogenic  effect  has  been  partly  attributed  to  an 
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Table  10.1  Physiological  roles  of  adipokines' 


Adipokines 


Physiological  processes 


Adiponectin 

Apelin 

Chemerin 
Leptin 

Omentin 

Resistin 

Vaspin 

IL-6 

TGF-P 

TNF-oc 

Angiogenin 
Visfatin 

PAI-1 
Angptl-4 

HGF 
VEGF-A 


Glucose  metabolism,  pancreatic  p  cell  function,  insulin  sensitivity,  lipolysis, 

vasorelaxation,  anti-inflammatory,  anti- angiogenic 
Feeding  behavior,  diuresis,  energy  expenditure,  anti-lipolytic,  vasorelaxation, 

cardiac  contractility,  anti-inflammatory,  pro-angiogenic 
Glucose  metabolism,  pro-inflammatory,  pro-angiogenic? 
Feeding  behavior,  thermogenesis,  energy  expenditure,  reproduction,  insulin 
sensitivity,  lipolysis,  hematopoiesis,  regulation  of  vascular  toneb,  pro- 
inflammatory, pro-angiogenic 
Microbe  recognition,  insulin  sensitivity,  vasorelaxation,  anti-inflammatory, 
anti- angiogenic? 

Glucose  metabolism,  insulin  sensitivity,  pro-inflammatory,  pro-angiogenic? 
Insulin  sensitivity,  pro-endothelial  survival 

Energy  expenditure,  lipolysis,  inhibits  LPL,  insulin  sensitivity,  pancreatic  p 
cell  function,  regulation  of  vascular  toneb,  pro-inflammatory, 
pro-angiogenic 

Anti-inflammatory,  vascular  permeability,  glucose  uptake,  energy  expenditure, 
pro-angiogenic 

Feeding  behavior,  glucose  metabolism,  insulin  sensitivity,  lipolysis,  regulation 

of  vascular  toneb,  pro-inflammatory,  pro-  or  anti- angiogenic 
Ribonuclease  activity,  pro-angiogenic,  neuroprotection 
Biosynthesis  of  NAM  and  NAD,  pancreatic  p  cell  function,  vasorelaxation, 
pro-inflammatory,  pro-angiogenic? 

Coagulation,  energy  expenditure?,  insulin  sensitivity?,  pro-  or  anti- angiogenic 
Feeding  behavior,  energy  expenditure,  glucose  metabolism,  insulin  sensitivity, 

inhibits  LPL,  vascular  permeability,  anti- angiogenic 
Glucose  metabolism,  hematopoiesis,  anti-inflammatory,  pro-angiogenic 
Hematopoiesis,  vasorelaxation,  vascular  permeability,  pro-inflammatory, 
pro-angiogenic 

aAngptl-4  angiopoietin-like  protein  4,  HGF  hepatocyte  growth  factor,  IL-6,  interleukin-6,  LPL 
lipoprotein  lipase,  PAI-1  plasminogen  activator  inhibitor- 1,  TGF-p  transforming  growth  factor, 
TNF-a  tumor  necrosis  factor,  VEGF-A  vascular  endothelial  growth  factor-A 
Vasorelaxation  or  vasoconstriction  depending  on  context 


elevated  VEGF-A  production  in  adipose  tissue.  Among  the  different  fat  depots  in 
the  body,  the  large  adipocytes  from  omental  white  adipose  tissue  (WAT)  secrete  the 
highest  levels  of  VEGF-A  (Zhang  et  al.  1997).  It  is  also  produced  in  brown  adipose 
tissue  (BAT)  adipocytes,  where  further  norepinephrine  stimulation  and  cold-stress 
both  increase  VEGF-A  levels  (Xue  et  al.  2009).  Notably,  both  WAT  and  BAT  adipo- 
cyte differentiation  is  associated  with  upregulation  of  VEGF-A  production.  In  addi- 
tion, hypoxia  is  a  potent  inducer  of  VEGF-A  production,  through  both  transcriptional 
and  post-translational  mechanisms.  It  has  been  found  that  adipose  tissue  expansion 
leads  to  hypoxia  (Trayhurn  and  Wood  2004;  Hosogai  et  al.  2007)  (see  Chaps.  3  and  13). 
This  may  be  due  to  the  fact  that  both  vessel  density  and  diameters  initially  are 
reduced  during  fat  expansion.  Hypoxia-driven  VEGF-A  production  in  adipocytes 
and  stromal  cells  may  thus  contribute  to  the  local  stimulation  of  angiogenesis  in 
expanding  adipose  tissue  that  creates  a  permissive  environment  for  further  adipose 
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tissue  growth  (Fukumura  et  al.  2003).  In  agreement,  the  use  of  small  molecule 
VEGF  receptor  (VEGFR)  tyrosine  kinase  inhibitors  or  soluble  VEGFRs  reduced 
adipose  tissue  vascular  density  in  mice  (Kamba  et  al.  2006).  Furthermore,  therapeu- 
tic blockage  of  VEGFR-2,  the  main  signaling  receptor  for  VEGF- A  in  endothelial 
cells,  but  not  blockage  of  VEGFR- 1,  its  more  ubiquitously  expressed  receptor,  was 
reported  to  limit  diet-induced  obesity  in  mice  by  inhibiting  adipose  tissue  angiogen- 
esis  leading  to  a  reduction  of  adipocyte  hypertrophy  (Fukumura  et  al.  2003;  Tarn 
et  al.  2009).  This  argues  for  an  important  role  of  the  canonical  angiogenic  growth 
factor  VEGF-A  in  adipose  tissue  angiogenesis. 

Another  potent  mitogenic  and  angiogenic  growth  factor,  HGF,  is  also  produced 
in  adipose  tissue,  where  it  is  mainly  secreted  by  preadipocytes,  but  also  by  adipo- 
cytes. Notably,  HGF  production  levels  in  human  WAT  are  almost  10-fold  greater  as 
compared  with  VEGF-A  (Fain  et  al.  2004).  Furthermore,  circulating  HGF  levels 
were  reportedly  increased  more  than  threefold  in  obesity  (Rehman  et  al.  2003).  This 
suggests  that  HGF,  in  addition  to  VEGF-A,  may  be  a  major  pro-angiogenic  factor  in 
adipose  tissue  with  a  role  in  fat  expansion.  In  agreement,  it  was  reported  that  the 
endothelial-stimulatory  effect  of  conditioned  media  from  adipocyte  cultures  was 
reduced  to  40  %  of  maximal  following  silencing  of  HGF  (Saiki  et  al.  2006). 
Additionally,  blockage  of  HGF  reduced  angiogenesis  in  developing  fat  pads  in 
mice,  whereas  HGF  over-expression  in  preadipocytes  enhanced  it,  leading  to  accel- 
erated adipose  tissue  formation  (Bell  et  al.  2008). 

Beyond  the  proposed  roles  for  VEGF-A  and  HGF  in  stimulation  of  adipose  tis- 
sue angiogenesis,  other  known  angiogenic  and  arteriogenic  factors  may  also  play  a 
part.  For  example,  the  expression  levels  of  VEGF-B,  placental-derived  growth  fac- 
tors (P1GF),  and  angiopoietins  (Ang)-l  and  Ang-2  increase  during  adipocyte  dif- 
ferentiation (Stacker  et  al.  2000;  Guo  and  Liao  2000;  Soukas  et  al.  2001 ;  Voros  et  al. 
2005).  Moreover,  upregulation  of  Ang-2  expression  in  adipose  tissue  was  found  to 
be  essential  in  mediating  the  vascular  maturation  and  patterning  effects  of  the  tran- 
scription factor  FOXC2  (Xue  et  al.  2008).  Additionally,  several  members  of  the 
fibroblast  growth  factor  (FGF)  family,  including  FGF-1  and  FGF-2,  known  potent 
inducers  of  angiogenesis,  are  expressed  in  adipose  tissue  (Gabrielsson  et  al.  2000), 
and  their  levels  increase  in  obesity  (Teichert-Kuliszewska  et  al.  1992).  On  the  other 
hand,  several  endogenous  angiogenic  inhibitors  are  expressed  in  adipose  tissues, 
including  thrompospondins  (TSP),  endostatin,  pigment  epithelium-derived  factor 
(PEDF),  as  well  as  soluble  VEGFR- 1/fms-like  tyrosine  kinase  1  (sFlt-1)  (Silha  et  al. 
2005;  Varma  et  al.  2008;  Famulla  et  al.  2011;  Herse  et  al.  2011).  Moreover,  as  we 
will  discuss  in  this  chapter,  many  of  the  new  adipokines  discovered  over  the  last  15 
years  have  been  found  to  regulate  angiogenesis.  The  local  spatiotemporal  interplay 
of  adipose-derived  factors,  including  a  redundancy  of  both  stimulators  and  inhibi- 
tors of  angiogenesis,  may  be  requisite  to  ensure  that  the  adipose  tissue  vascular 
growth  and  remodeling  occurring  during  fat  mass  expansion  is  finely  tuned  to  meet 
the  active  metabolic  needs  of  this  dynamic  organ. 
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Leptin  is  a  167  amino  acid  preprotein  (16  kDa,  146  amino  acid  mature  form)  four 
helix  bundle  monomer,  belonging  to  the  long-chain  helical  cytokine  family  of  pro- 
teins. It  was  discovered  as  the  product  of  the  oblob  gene,  mutated  in  a  genetically 
obese  strain  of  mouse  (Campfield  et  al.  1995;  Halaas  et  al.  1995;  Pelleymounter 
et  al.  1995).  Leptin  regulates  food  intake  and  energy  metabolism,  serving  as  a  key 
feedback  signal  between  the  fat  organ  and  the  brain  responsible  for  body  weight 
homeostasis  (Table  10.1).  The  peripheral  actions  of  leptin  further  include  regulation 
of  immune  responses,  hematopoiesis,  sexual  maturation,  and  organ  growth  partly 
through  its  effects  on  growth  hormone  production  (Conde  et  al.  2010). 

Leptin  is  mainly  produced  by  subcutaneous  WAT  adipocytes,  in  a  cell  size- 
dependent  manner.  Leptin  is  also  expressed  at  lower  levels  in  BAT,  brain,  skeletal 
muscle,  and  placenta  (Mora  and  Pessin  2002).  Indeed,  during  pregnancy,  leptin  lev- 
els may  increase  1.6-1.8  fold,  arguing  for  the  placenta  as  a  substantial  source  of 
leptin  (Masuzaki  et  al.  1997).  Circulating  leptin  levels  are  positively  correlated  with 
body  mass  index  (BMI).  However,  in  obese  subjects  there  seems  to  be  a  central 
leptin  resistance,  potentially  involving  reduced  hypothalamic  leptin  signaling  by 
protein  tyrosine  phosphatases  (St-Pierre  and  Tremblay  2012),  which  prevents  the 
anorexic  effects  of  the  hormone  (Myers  et  al.  2012).  Leptin  production,  similar  to 
VEGF-A,  is  increased  in  adipocytes  by  hypoxia  (Grosfeld  et  al.  2002).  Further,  pro- 
inflammatory cytokines,  such  as  TNF-a,  induce  leptin  production  in  adipocytes,  and 
conversely  leptin  stimulates  the  production  of  pro-inflammatory  cytokines,  includ- 
ing IL-6  and  TNF-a,  leading  to  increased  local  tissue  inflammation. 

Leptin  binds  to  its  transmembrane- spanning  receptor  (Ob-R),  inducing  receptor 
homodimerization  and  activation  of  intracellular  signaling  pathways  (Friedman  and 
Halaas  1998).  There  exists  several  splice  isoforms  of  the  leptin  receptor.  The  lon- 
gest form,  Ob-Rb,  expressed  at  high  levels  in  the  hypothalamus  where  leptin  exerts 
its  anorexic  effects,  serves  as  the  main  signaling  receptor  for  leptin.  It  contains  three 
box  motifs  for  cytosolic  Jak/STAT  binding.  The  Ob-Ra,  a  shorter  form  of  the 
receptor  lacking  two  of  the  box  motifs,  still  retains  some  signaling  activity  involv- 
ing the  Fos  and  Jun  pathway.  Leptin  receptors,  both  short  and  long  forms,  are 
expressed  in  peripheral  organs  including  adipose  tissue,  kidneys,  ovaries,  and 
vascular  endothelium. 


10.3.1    Effects  on  Angiogenesis 

The  stimulatory  impact  of  leptin  on  endothelial  cell  migration,  proliferation,  and 
tube  formation  in  vitro  and  on  angiogenesis  in  vivo,  in  the  rat  corneal  model  and  the 
chicken  chorioallantoic  membrane  (CAM)  angiogenesis  model,  was  first  described 
in  1998  (Sierra-Honigmann  et  al.  1998;  Bouloumie  et  al.  1998).  Similarly,  we 
found  that  leptin  stimulated  new  blood  vessel  growth  in  the  mouse  corneal  model 
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(Cao  et  al.  2001).  Further,  co-implantation  of  leptin  with  either  VEGF-A  or  FGF-2 
resulted  in  synergistic  stimulation  of  angiogenesis,  suggesting  that  leptin  may 
cooperate  with  these  angiogenic  growth  factors  in  tissues  co-expressing  both  fac- 
tors, such  as  adipose  tissue,  placenta,  and  fetal  organs.  In  addition  to  its  direct 
effects  on  endothelial  cells,  leptin  may  induce  the  expression  of  pro-angiogenic 
growth  factors,  including  VEGF-A  and  FGF-2.  Indeed,  leptin  treatment  stimulated 
VEGF-A  production  in  the  adipose  tissue  of  oblob  mice  (Stallmeyer  et  al.  2001). 
However,  the  fact  that  oblob  mice,  deficient  for  leptin,  as  well  as  dbldb  or  fa/fa 
animals,  lacking  functional  Ob-Rb  leptin  receptors,  rapidly  gain  body  weight  and 
display  extensive  WAT  vascularity  indicates  that  leptin  is  not  necessary  for  adipose 
tissue  angiogenesis  to  occur  (Cao  et  al.  2001;  Cao  2007). 

The  role  of  leptin  in  adipose  tissue  vascular  remodeling  during  adipose  tissue 
regression  was  investigated  in  obese  oblob  mice,  where  systemic  supraphysiologi- 
cal  leptin  administration  induces  body  weight  loss  with  selective  depletion  of  adi- 
pose tissue.  Notably,  weight  loss  was  found  to  be  associated  with  vascular  regression 
and  apoptosis  in  subcutaneous  adipose  tissues.  This  was  linked  to  induction  of 
Ang-2  production  in  WAT  adipocytes  by  leptin  (Cohen  et  al.  2001).  Ang-2  favors 
vascular  regression,  in  the  absence  of  VEGF-A,  by  stimulating  the  detachment  of 
vascular  pericytes,  necessary  for  endothelial  survival.  In  contrast,  in  the  presence  of 
angiogenic  stimuli  such  as  VEGF-A,  Ang-2  potentiates  angiogenic  responses. 
Leptin  seems  to  be  an  important  physiological  regulator  of  Ang-2  expression  in 
subcutaneous  adipose  tissues.  In  accordance,  reduced  WAT  Ang-2  levels  were 
observed  in  the  absence  of  leptin  signaling,  i.e.,  in  obese  oblob  or  dbldb  mice. 
Leptin  may  thus  play  an  essential  role,  partly  via  regulation  of  Ang-2,  as  an  adipo- 
genesis  "gatekeeper"  synergistically  stimulating  angiogenesis  and  adipose  tissue 
expansion  in  the  presence  of  VEGF-A  during  weight  gain,  or  conversely  favoring 
blood  vessel  and  adipose  tissue  regression,  in  the  absence  of  VEGF-A,  during 
weight  loss.  Additionally,  it  may  be  speculated  that  deficient  leptin  signaling  or 
leptin  resistance,  as  seen  in  obesity,  paradoxically  could  lead  to  prevention  of  adi- 
pose tissue  regression  in  fat  depots  with  low  VEGF-A  expression,  such  as  subcuta- 
neous WAT,  by  limiting  Ang-2-mediated  vascular  remodeling. 

Apart  from  its  local  role  in  adipose  tissue,  circulating  leptin  may  also  influence 
angiogenesis  in  non-adipose  tissues.  For  instance,  leptin  was  found  to  stimulate  the 
activity  of  circulating  angiogenic  cells,  leading  to  improved  revascularization  in  a 
hind  limb  ischemia  model  (Heida  et  al.  2010).  Conversely,  hyperleptinemia  may 
contribute  to  the  development  of  certain  types  of  cancer,  such  as  breast,  prostate, 
and  colon  cancers. 


10.3.2    Effects  on  Vascular  Function 

Leptin,  similar  to  VEGF-A,  seems  to  play  a  role  in  regulation  of  endothelial  ultra- 
structure  and  vascular  permeability.  We  found  that  leptin-induced  blood  vessels  in 
the  mouse  cornea  assay,  similar  to  VEGF-A-induced  neovessels,  displayed  endo- 
thelial fenestrations  (Cao  et  al.  2001).  Moreover,  whereas  subcutaneous  WAT  blood 


10    Role  of  Adipokines  in  Regulation  of  Angiogenesis 


193 


vessels  in  wt  mice  displayed  endothelial  fenestrations,  the  adipose  tissue  vascula- 
ture in  oblob  mice  lacked  fenestrations.  This  suggests  a  physiological  role  of  leptin 
in  induction  and  maintenance  of  specialized  endothelial  features  characteristic  of 
endocrine  organ  blood  vessels.  The  presence  of  endothelial  fenestrations  is  associ- 
ated with  increased  vascular  permeability.  In  agreement,  we  found  that  leptin,  simi- 
lar to  VEGF-A,  potently  stimulated  vascular  leakage  in  a  modified  Miles  assay  in 
mice  (Cao  et  al.  2001). 

Leptin  has  been  found  to  play  a  role  in  regulation  of  vascular  tone  and  may 
directly  stimulate  adipose  tissue  blood  flow.  Indeed,  leptin  increases  endothelial 
nitric  oxide  (NO )  production,  via  Akt-dependent  activation  of  endothelial  nitric 
oxide  synthase  (eNOS),  leading  to  vasodilation  (Vecchione  et  al.  2002;  Mehebik 
et  al.  2005).  However,  leptin  also  displays  pro-oxidant  effects,  including  stimulation 
of  endothelial  reactive  oxygen  species  (ROS)  production,  and  may  further  upregu- 
late  endothelin-1  expression  levels,  leading  to  vasoconstriction.  Taken  together  with 
leptin's  pro-inflammatory  activities,  hyperleptinemia  may  cause  vascular  endothe- 
lial dysfunction  and  contribute  to  the  pathophysiology  of  cardiovascular  disease, 
including  atherosclerosis  (Patel  et  al.  2008). 


10.4  Adiponectin 


Adiponectin,  also  known  as  AdipoQ,  adipocyte  complement-related  protein 
(ACRP)-30,  apMl,  and  gelatin-binding  protein  (GBP)-28,  is  a  244  amino  acid  pre- 
protein  (230  amino  acid  mature  form),  WAT  and  BAT-derived  hormone.  Adiponectin 
is  the  most  abundant  adipokine  in  the  circulation  (5-30  ug/mL  in  healthy  humans, 
Table  10.2)  (Arita  et  al.  1999),  where  it  represents  0.01  %  of  total  plasma  protein. 
Paradoxically,  although  exclusively  produced  by  adipose  tissue,  adiponectin  levels 
decrease  with  increasing  BMI.  Adiponectin  belongs  to  the  soluble  defense  collagen 
superfamily,  displaying  an  N-terminal  signal  sequence  followed  by  a  collagenous 
stalk  region  (similar  to  collagen  VIII  and  X)  and  a  globular  C-terminal  domain, 
structurally  homologous  to  complement  factor  Cql.  It  forms  disulphide-linked 
covalent  trimers,  hexamers,  and  high-molecular  weight  (HMW)  oligomeric  species 
(Pajvani  et  al.  2003).  Notably,  the  trimer  folding  topology  is  strikingly  similar  to 
members  of  the  TNF  family  (Shapiro  and  Scherer  1998).  Recently,  gluthation 
transferase-K,  also  known  as  DsbA-like  protein,  was  shown  to  play  an  important 
role  in  adiponectin  multimer  assembly  (Liu  et  al.  2008).  Furthermore,  a  globular 
short  form  of  adiponectin  is  produced  through  enzymatic  digestion  by  leukocyte 
elastase  (Fruebis  et  al.  2001;  Waki  et  al.  2005).  Adiponectin  is  present  in  human 
serum  mainly  in  its  hexameric  full-length  form,  with  a  smaller  contribution  of 
HMW  species  and  a  lower  level  of  trimers.  In  mouse  serum,  hexameric  and  larger 
complexes  prevail  (Pajvani  et  al.  2003).  Females  generally  display  higher  circulat- 
ing levels  of  adiponectin  and  more  HMW  multimers. 

In  contrast  to  other  adipokines  such  as  VEGF-A,  leptin,  and  TNF-oc,  the  pro- 
duction and  secretion  of  adiponectin  decrease  with  increasing  adipocyte  sizes. 
In  addition,  adipose  tissue  hypoxia  has  been  associated  with  decreased 
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Table  10.2  Circulating  serum  levels  of  adipokines  in  humans 


Adipokines 

Physiological  level 

Levels  in  obesity 

Adiponectin 

5-30  ug/mL 

Decreased 

Omentin 

200-400  ng/mL 

Decreased 

Angptl-4 

5-25  ng/mL 

Decreased/unaltered 

Chemerin 

70-150  ng/mL 

Unaltered 

Vaspin 

0.01-4  ng/mL 

Unaltered 

Apelin-13 

20-60  ng/mL 

Increased/unaltered 

Resistin 

1-15  ng/mL 

Increased/unaltered 

VEGF-A 

100-300  pg/mL 

Increased/unaltered 

TGF-P 

2-9  pg/mL 

Increased/unaltered 

TNF-oc 

1-3  pg/mL 

Increased/unaltered 

Angiogenin 

300-400  ng/mL 

Increased 

Leptin 

1-50  ng/mL 

Increased 

PAI-1 

10-15  ng/mL 

Increased 

HGF 

500-700  pg/mL 

Increased 

IL-6 

1-5  pg/mL 

Increased 

Visfatin 

1-3  ng/mL 

Increased 

Serum  levels  reported  in  healthy  men  and  women  vs.  over- 
weight or  obese  subjects 


production  of  adiponectin  (Wree  et  al.  2012).  Furthermore,  inflammatory  stimuli, 
such  as  TNF-oc,  reduces  adiponectin  production  and  secretion  in  adipocytes 
(Kappes  and  Lof filer  2000). 

Adiponectin  is  a  multifunctional  protein  known  for  its  stimulatory  effects  on 
energy  metabolism,  including  regulation  of  hydrocarbon  and  lipid  turnover  (leading 
to  reduction  of  circulating  triglyceride  and  free  fatty  acid  levels),  as  well  for  its 
protective  role  against  insulin  resistance.  Indeed,  adiponectin  exerts  pleiotropic 
insulin- sensitizing  effects,  including  lowering  of  hepatic  glucose  production  and 
increasing  skeletal  muscle  glucose  uptake  and  fatty  acid  oxidation  (Table  10.1). 
Furthermore,  adiponectin  seems  to  play  an  important  role  as  a  protector  of  cardio- 
vascular function  in  mice,  and  it  displays  anti-inflammatory  and  anti-atherogenic 
properties  (see  beneath).  As  a  consequence,  adiponectin  has  been  proposed  to  con- 
stitute the  link  between  obesity  and  metabolic  syndrome  (Funahashi  and  Matsuzawa 
2007),  including  development  of  type  2  diabetes  and  coronary  artery  disease. 

The  molecular  mechanisms  of  adiponectin  are  mainly  mediated  via  its  two  spe- 
cific receptors  (ADIPOR1  and  ADIPOR2),  homologous  to  seven-transmembrane 
spanning  G-protein-coupled  receptors,  and  their  adaptor  protein  APPL1  (Yamauchi 
et  al.  2003a;  Mao  et  al.  2006).  Whereas  ADIPOR1  is  ubiquitously  expressed,  with 
elevated  levels  present  in  skeletal  muscle,  ADIPOR2  is  predominantly  found  in  the 
liver.  While  ADIPOR1  displays  high  affinity  for  the  globular  short  form  of 
adiponectin  and  a  low  affinity  for  the  full-length  form,  ADIPOR2  shows  inter- 
mediate affinity  for  both  (Yamauchi  et  al.  2003a).  The  anti-atherogenic  effects  of 
adiponectin  may  be  mediated  through  ADIPOR1,  whereas  the  anti-diabetic  effects 
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may  be  mediated  via  ADIPOR2  (Kadowaki  and  Yamauchi  2005).  Further, 
T-cadherin,  present  in  endothelial  and  smooth  muscle  cells,  has  been  proposed  as  an 
additional  vascular  receptor  for  adiponectin.  It  displays  selectivity  for  the  hexa- 
meric  and  HMW  species  of  adiponectin  and  does  not  bind  either  full-length  or  glob- 
ular trimeric  forms  (Hug  et  al.  2004).  T-cadherin  is  suggested  to  play  a  role  in 
vascular  protection  against  oxidative  and  glucose  stress-induced  apoptosis. 

Due  to  these  different  binding  affinities  for  its  receptors,  not  all  forms  of  adipo- 
nectin display  the  same  cellular  effects.  For  instance,  it  has  been  reported  that  adi- 
ponectin trimers  are  more  bioactive  in  reduction  of  serum  glucose  in  vivo  than  the 
higher  order  forms  (Pajvani  et  al.  2003).  On  the  other  hand,  the  insulin- sensitizing 
effects  of  adiponectin  seem  mainly  attributed  to  HMW  species.  Notably,  there  is  a 
selective  reduction  in  the  circulating  levels  of  the  HMW  form  of  adiponectin  in 
humans  with  hyperinsulinemia,  type  II  diabetes,  or  coronary  artery  disease,  whereas 
adiponectin  hexamer  levels  remain  unchanged  and  trimer  levels  may  be  increased 
(Kobayashi  et  al.  2004;  El-Menyar  et  al.  2009). 

The  downstream  signaling  induced  by  adiponectin  includes  activation  of  adenos- 
ine monophosphate-activated  kinase  (AMPK),  activation  of  ceramidase,  activation 
of  the  peroxisome  proliferator-activated  receptor  (PPAR)-a  pathway,  as  well  as 
inhibition  of  TNF-oc-induced  NF-kB  activation  in  endothelial  cells,  via  stimulation 
of  cAMP/PKA  signaling  (Ouchi  et  al.  2000),  associated  with  reduced  platelet  aggre- 
gation and  macrophage  activation.  Whereas  the  globular  domain  of  adiponectin, 
acting  mainly  via  ADIPOR1,  is  most  potent  in  inducing  AMPK  activation  and  fatty 
acid  /^-oxidation  in  skeletal  muscles,  the  HMW  complex,  through  ADIPOR2,  is 
most  effective  in  suppressing  hepatic  glucose  production  involving  PPAR-oc. 
Moreover,  while  adiponectin  HMW  forms  stimulate  AMPK  activity  in  hepatocytes 
(Waki  and  Tontonoz  2007),  only  trimers  activate  AMPK  in  skeletal  muscle  (Tsao 
et  al.  2003). 


10.4.1    Effects  on  Angiogenesis 

The  vascular  effects  of  adiponectin  may  be  mediated  via  either  ADIPOR1  or 
ADIPOR2,  as  both  are  expressed  in  endothelial  cells.  We  found  that  full-length 
human,  as  well  as  murine,  adiponectin  potently  inhibited  FGF-2-induced  cell  prolif- 
eration in  microvascular  endothelial  cells  (Brakenhielm  et  al.  2004b).  Notably,  adi- 
ponectin reached  a  maximal  inhibitory  effect  at  1  ug/mL,  well  within  range  of 
physiological  circulating  levels.  Similarly,  adiponectin  dose-dependently  decreased 
VEGF-A-induced  endothelial  cell  migration.  Others  have  confirmed  the  angiostatic 
effects  of  adiponectin  in  endothelial  cells,  including  suppression  of  migration,  pro- 
liferation, and  tube  formation  (Motoshima  et  al.  2004;  Mahadev  et  al.  2008;  Man 
et  al.  2010).  Similarly,  adiponectin  was  found  to  inhibit  smooth  muscle  cell 
migration  and  proliferation  (Arita  et  al.  2002;  Matsuda  et  al.  2002;  Brakenhielm 
et  al.  2004b),  albeit  with  weaker  potency  as  compared  with  in  endothelial  cells. 
In  contrast,  adiponectin  did  not  block  fibroblast  proliferation.  This  indicates  that 
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adiponectin  may  be  a  selective  inhibitor  of  endothelial  cells  at  low  concentrations. 
In  order  to  investigate  the  effects  of  adiponectin  on  angiogenesis  in  vivo,  we  used 
the  chicken  CAM  assay  and  the  mouse  corneal  assay.  We  found  that  full-length 
adiponectin  administration  induced  the  formation  of  avascular  zones  in  the  angio- 
genic chorioallantois  membrane  (Brakenhielm  et  al.  2004b).  Similarly,  co- 
implantation  of  adiponectin  with  FGF-2  in  mouse  corneas  drastically  reduced 
FGF-2-induced  angiogenic  responses.  Moreover,  administration  of  a  peptide  frag- 
ment of  globular  adiponectin  was  found  to  reduce  choroidal  neovascularisation  in 
mice  (Bora  et  al.  2007).  These  findings  suggest  that  both  globular  and  full-length 
adiponectin  are  potent  angiogenic  inhibitors.  The  mechanisms  may  include  direct  as 
well  as  indirect  effects  of  adiponectin  in  endothelial  cells.  For  instance,  adiponectin- 
suppression  of  VEGF-A-induced  endothelial  cell  migration,  either  by  the  globular 
or  full-length  forms,  was  dependent  on  activation  of  the  cAMP/PKA  pathway 
(Mahadev  et  al.  2008).  Further,  adiponectin,  in  particular  HMW  forms,  has  been 
suggested  to  bind  and  sequester  several  angiogenic  growth  factors,  including 
platelet-derived  growth  factor  (PDGF)-BB,  and  FGF-2  (Arita  et  al.  2002;  Wang 
et  al.  2005).  Adiponectin  may  thus  modulate  the  biological  actions  of  growth  factors 
by  controlling  their  bioavailability  at  the  pre-receptor  level.  Similarly,  adiponectin 
was  recently  found  to  bind  TSP-1  (Wang  et  al.  2006),  a  known  angiogenesis  inhibi- 
tor. The  indirect  anti-angiogenic  mechanisms  of  adiponectin  may  further  involve 
suppression  of  VEGF-A  expression  (Bora  et  al.  2007).  Finally,  induction  of  pro- 
grammed cell  death  in  endothelial  cells  seems  to  be  involved  in  the  anti-angiogenic 
effects  of  adiponectin.  We  found  that  adiponectin  in  a  dose-  and  time-dependent 
manner  induced  endothelial  cell  apoptosis  (Brakenhielm  et  al.  2004b),  involving 
activation  of  pro-caspases  3,8,  and  9.  In  agreement,  intratumoral  administration  of 
adiponectin  resulted  in  induction  of  vascular  endothelial  cell  death  and  inhibition  of 
tumor  angiogenesis,  leading  to  suppression  of  tumor  growth  (Brakenhielm  et  al. 
2004b;  Man  et  al.  2010).  However,  the  effects  of  adiponectin  on  endothelial  apop- 
tosis are  controversial.  Although  some  studies  have  confirmed  the  pro-apoptotic 
impact  of  adiponectin  in  endothelial  cells,  other  authors  have  in  contrast  found  that 
adiponectin  may  protect  against  high  glucose-  and  oxidative  stress-induced  endo- 
thelial cell  death  (Sun  and  Chen  2010).  Notably,  the  HMW  adiponectin  forms,  but 
not  trimers  or  globular  fragments,  showed  pro- survival  effects,  linked  to  cellular 
activation  of  AMPK,  in  serum- starved  macro  vascular  endothelial  cells  (Kobayashi 
et  al.  2004).  Although  sustained  AMPK  activation  induces  apoptosis  in  several  cell 
types,  it  seems  that  AMPK  under  metabolic-stress  conditions  may  positively  regu- 
late Akt  signaling  in  endothelial  cells  (Nagata  et  al.  2003),  leading  to  promotion  of 
cell  survival.  Further,  although  AMPK  activation  in  most  cell  types,  including  endo- 
thelial cells,  has  been  linked  to  inhibition  of  protein  synthesis  and  decreased  cellular 
proliferation,  as  a  consequence  of  mTOR  inhibition  (Motoshima  et  al.  2006;  Guo 
et  al.  2007),  AMPK  also  may  enhance  cellular  antioxidant  defenses  and  increase 
NO  production  in  endothelial  cells,  leading  to  protection  against  cell  death  during 
ischemia.  In  addition  to  the  beneficial  impact  of  AMPK  on  energy  metabolism  and 
antioxidant  defenses  (Fisslthaler  and  Fleming  2009),  this  stress-induced  kinase  may 
further  play  a  role  in  hypoxic  stress-mediated  angiogenesis,  notably  via  stimulation 
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of  hypoxia-inducible  factor  (HIF)-la  transcriptional  activity  leading  to  increased 
VEGF-A  expression  (Nagata  et  al.  2003;  Lee  et  al.  2003b).  Adiponectin-induced 
AMPK  activation  in  endothelial  cells  may  thus,  under  metabolic- stress  conditions, 
paradoxically  lead  to  indirect  stimulation  of  angiogenesis  through  Akt-dependent 
suppression  of  hypoxia-induced  cell  death  or  by  Hif-1  -dependent,  hypoxia-induced 
VEGF-A  production.  Indeed,  some  authors  have  found  that  adiponectin,  through 
AMPK-modulated  Akt  activation,  may  increase  cell  migration  and  tube  formation 
in  serum- starved  macro  vascular-derived  endothelial  cells  (Ouchi  et  al.  2004). 
Additionally,  adiponectin  was  reported  to  stimulate  angiogenesis  in  the  mouse 
matrigel  plug  model  as  well  as  in  rabbit  corneas  (Ouchi  et  al.  2004).  Moreover, 
adiponectin  knockout  mice  display  reduced  angiogenic  responses  to  ischemic 
injury,  both  in  a  chronic  limb  ischemia  model  (Shibata  et  al.  2004),  and  in  a  concen- 
tric cardiac  hypertrophy  model  (Shimano  et  al.  2010).  Notably,  in  mice  lacking 
adiponectin,  ischemia-induced  VEGF-A  production  was  reduced.  On  the  other 
hand,  over-expression  of  adiponectin  protected  against  ischemic  stroke  in  a  middle 
cerebral  artery  occlusion  model  in  mice  (Shen  et  al.  2013).  This  was  linked  to  acti- 
vation of  AMPK  and  locally  increased  VEGF-A  expression,  leading  to  stimulation 
of  angiogenesis.  The  observed  stimulatory  effect  of  adiponectin  on  ischemia- 
induced  angiogenic  responses  may  further  relate  to  the  protective  effects  of  adipo- 
nectin against  oxidative  stress  and  inflammation,  leading  to  prevention  of  endothelial 
dysfunction  (see  beneath).  Indeed,  vascular  function  plays  a  crucial  role  in  assuring 
metabolically  adapted  tissue  blood  flow  but  also  in  regulating  angiogenic  responses 
to  growth  factors  and  other  stimuli.  It  thus  seems  that  whereas  adiponectin  may 
exert  inhibitory,  angiostatic  effects  in  endothelial  cells,  in  part  via  binding  and  neu- 
tralization of  angiogenic  growth  factors  and  inducing  endothelial  cell  death,  it  may 
also,  particularly  under  metabolic- stress  conditions,  favor  endothelial  cell  migration 
and  survival.  The  impact  of  adiponectin  on  angiogenesis  might  therefore  be  both 
highly  context-dependent  and  potentially  further  influenced  by  the  protein's  oligo- 
merization  state,  which  modulates  its  biological  actions. 

The  impact  of  adiponectin  on  adipose  tissue  angiogenesis  is  currently  unclear. 
Adiponectin-deficient  mice  display  normal  body  weight,  suggesting  that  adiponec- 
tin might  be  redundant  under  physiological  conditions  (Maeda  et  al.  2002). 
Similarly,  over-expression  of  globular  adiponectin  did  not  result  in  any  significant 
differences  in  body  weight  or  adiposity  in  mice  (Yamauchi  et  al.  2003b).  However, 
in  lean  or  obese  mice  fed  a  high-fat  diet,  systemic  treatment  with  globular  adipo- 
nectin was  found  to  result  in  body  weight  loss  (Fruebis  et  al.  2001;  Yamauchi  et  al. 
2001).  The  effect  was  most  pronounced  in  obese  mice  and  did  not  involve  any  sup- 
pression of  food  intake.  Rather,  adiponectin  was  found  to  acutely  stimulate  energy 
expenditure  by  increasing  free  fatty  acid  uptake  and  oxidation  in  skeletal  muscle. 
However,  it  cannot  be  excluded  that  adiponectin  therapy  may  have  contributed  to 
fat  mass  regression  in  part  through  its  anti- angiogenic  effects,  including  induction 
of  endothelial  cell  death,  leading  to  vascular  regression  in  adipose  tissues.  Opposing 
results  were  reported  in  a  mouse  model  of  genetic  obesity,  where  forced  expression 
in  adipocytes  of  full-length  adiponectin  resulted  in  extreme  obesity  in  oblob  leptin- 
deficient  mice,  with  the  excess  weight  accounted  for  by  greater  subcutaneous  fat 
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mass  (Kim  et  al.  2007a).  In  contrast,  visceral  fat  mass  was  found  to  be  decreased  to 
lean  wt  levels.  Further,  the  increased  adiposity  in  subcutaneous  depots  induced  by 
adiponectin  in  oblob  mice  was  due  to  adipocyte  hyperplasia,  rather  than  hypertro- 
phy. Indeed,  average  adipocyte  sizes,  in  subcutaneous  WAT  from  adiponectin- 
transgenic  oblob  mice,  were  reduced  to  less  than  50  %  of  that  seen  in  oblob  mice. 
Interestingly,  adiponectin  over-expression  led  to  prevention  of  obesity-induced 
insulin  resistance  in  oblob  mice  despite  their  morbid  obesity.  This  was  linked  to 
reduced  local  production  of  pro-inflammatory  cytokines,  including  TNF-oc  and 
IL-6,  as  well  as  reduced  macrophage  accumulation  in  subcutaneous  WAT  (Kim 
et  al.  2007a).  These  discrepant  findings  raise  interesting  questions  regarding  the 
role  of  adiponectin  in  adipose  tissues:  Why  is  visceral,  but  not  subcutaneous,  fat 
mass  inhibited  by  adiponectin  over-expression?  In  particular,  does  adiponectin 
exert  fat  depot- selective  anti-angiogenic  effects?  Further,  why  was  adipocyte 
hypertrophy,  but  not  hyperplasia,  inhibited  by  adiponectin?  Finally,  what  vascular 
changes  occurred  in  WAT  of  mice  treated  with  globular  vs.  full-length 
adiponectin? 


10.4.2    Effects  on  Vascular  Function 

Adiponectin  plays  an  important  physiological  role  in  maintenance  of  endothelial 
function  in  mice  and  men  (Ouchi  et  al.  2003).  The  mechanisms  are  multiple  and 
include  upregulation  and  activation  of  eNOS  (Schmid  et  al.  2011),  leading  to 
increased  NO  levels,  essential  for  both  endothelial-mediated  vasodilation  as  well  as 
for  prevention  of  platelet  aggregation.  Further,  both  globular  and  full-length  forms 
of  adiponectin  display  antioxidant  properties  by  scavenging  ROS  induced  by  oxi- 
dized LDL  or  hyperglycemia  in  endothelial  cells.  These  effects  seem  to  involve  a 
cAMP/PKA-dependent,  but  AMPK-independent,  pathway  (Ouedraogo  et  al.  2006), 
and  may  in  part  be  conveyed  through  the  interaction  of  adiponectin  with  T-cadherin. 
Notably,  acute  systemic  administration  of  globular  adiponectin  was  reported  to 
decreased  cardiac  ROS  formation  during  ischemia-reperfusion  injury  in  mice  (Tao 
et  al.  2007),  leading  to  cardioprotection.  Furthermore,  adiponectin  displays  anti- 
inflammatory and  anti-atherogenic  properties,  including  induction  of  anti- 
inflammatory cytokines  and  down-regulation  of  adhesion  molecules  in  vascular 
endothelium.  Moreover,  adiponectin  may  directly  modulate  macrophage  recruit- 
ment and  activation  in  adipose  tissue:  whereas  fat  depots  from  adiponectin  knock- 
out mice  displayed  increased  numbers  of  pro-inflammatory  macrophages, 
adenoviral-delivery  of  adiponectin  in  both  wt  and  adiponectin-deficient  mice 
resulted  in  increased  recruitment  of  anti-inflammatory,  "M2-like,"  macrophages 
(Ohashi  et  al.  2010).  Finally,  adiponectin  may  prevent  atherosclerosis  through  its 
suppressive  effects  on  smooth  muscle  cell  proliferation  (Matsuda  et  al.  2002).  In 
agreement,  hypoadiponectinemia,  with  plasma  levels  lower  than  4  ug/mL,  is  associ- 
ated with  an  increased  risk  of  cardiovascular  diseases,  including  coronary  artery 
disease  (Kumada  et  al.  2003). 
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10.5  Resistin 

Resistin,  also  called  adipose  tissue-specific  secretory  factor  and  FIZZ3,  is  a  108 
amino  acid  pre-peptide  (90  amino  acid  mature  form)  hormone  that  belongs  to  a  new 
gene  family  of  small  cysteine-rich  secretory  proteins,  called  resistin-like  molecules 
(RELMs).  Resistin  forms  complex  multimeric  structures,  strikingly  similar  to  adi- 
ponectin,  through  the  formation  of  coiled-coil  trimers  that  unite  tail-to-tail  to  form 
hexamers  linked  via  N-terminal  disulfide  bonds  (Patel  et  al.  2004).  In  the  circula- 
tion, resistin  is  present  in  the  form  of  highly  active  trimers  and  less  active,  but  more 
abundant,  hexamers.  Among  the  cellular  receptors  proposed  for  resistin  are: 
Decorin,  and  tyrosine  kinase-like  Orphan  Receptor  (ROR)-l  in  preadipocytes,  and 
Toll-like  Receptor-4  in  macrophages  (Tarkowski  et  al.  2010;  Daquinag  et  al.  2011; 
Sanchez-Solana  et  al.  2012). 

Resistin  is  expressed  in  adipocytes  and  in  adipose  tissue-resident  macrophages, 
but  also  by  circulating  monocytes,  as  well  as  by  cells  in  the  spleen,  lung,  kidney, 
bone  marrow,  and  placenta.  In  addition,  hepatic  Kupffer  cells  seem  to  be  an  impor- 
tant source  of  resistin  (Szalowska  et  al.  2009).  Resistin  expression  increases  in 
human  adipose  tissues  in  obesity  (Savage  et  al.  2001).  In  contrast,  while  circulating 
resistin  levels  are  increased  in  patients  with  atherosclerosis  and  coronary  artery  dis- 
ease, the  links  between  plasma  resistin  levels  and  obesity  or  type  2  diabetes  are 
more  controversial  in  humans  (Lee  et  al.  2003a;  Reilly  et  al.  2005;  Chen  et  al.  2009). 
Resistin  was  initially  proposed  as  the  molecular  link  between  obesity  and  insulin 
resistance,  as  treatment  of  mice  with  recombinant  resistin  induced  insulin  resistance 
and  reciprocally  administration  of  resistin-blocking  antibodies  restored  insulin  sen- 
sitivity in  obese  and  diabetic  mice  (Steppan  et  al.  2001).  However,  recent  studies 
have  indicated  that  resistin  may  be  more  closely  related  to  chronic  inflammation 
than  to  insulin  resistance  in  humans,  where  in  addition  myeloid  cells  seem  to  be  the 
main  source  (Reilly  et  al.  2005).  Indeed,  resistin  displays  pro-inflammatory  actions, 
including  upregulation  of  inflammatory  cytokines,  such  as  IL-6  and  monocyte  che- 
moattractant  protein  (MCP)-l,  and  induction  of  endothelial  cell  adhesion  mole- 
cules. It  also  induces  expression  of  endothelin-1,  a  powerful  vasoconstrictor  (Verma 
et  al.  2003)  (Table  10.1).  Resistin  may  play  a  deleterious  role  in  atherosclerosis  via 
stimulation  of  intimal  proliferation  and  vascular  inflammation  leading  to  endothe- 
lial dysfunction  (Jamaluddin  et  al.  2012).  In  order  to  investigate  the  role  of  the 
human  expression  pattern  of  resistin  during  adipose  tissue  expansion,  transgenic 
mice  were  generated  that  were  null  for  mouse  resistin  but  expressed  human  resistin, 
notably  in  adipose  tissue-resident  macrophages.  When  fed  a  high-fat  diet,  the 
humanized  resistin  mice  displayed  similar  body  weight  gain  and  adiposity  as  wt 
mice  (Qatanani  et  al.  2009).  However,  during  the  development  of  obesity  their  WAT 
showed  increased  expression  of  pro-inflammatory  cytokines,  including  TNF-a, 
IL-6,  and  MCP-1,  leading  to  accelerated  adipose  tissue  recruitment  of  inflammatory 
macrophages.  Notably,  this  led  to  increased  lipolysis  and  increased  levels  of  circu- 
lating free  fatty  acids,  resulting  in  muscle  lipid  deposition  and  the  development  of 
insulin  resistance.  This  suggests  that  macrophage-derived  human  resistin,  through 
its  effects  on  WAT  inflammation,  may  indirectly  contribute  to  metabolic  syndrome 
development  in  obese  humans. 
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Apart  from  its  impact  on  inflammation  and  vascular  function,  resistin  may  be  a 
pro-angiogenic  factor.  Resistin  stimulated,  in  a  dose-  and  time-dependent  manner, 
endothelial  cell  migration,  proliferation,  and  tube  formation  in  vitro  (Mu  et  al. 
2006).  Similarly,  resistin  was  found  to  stimulate  smooth  muscle  cell  proliferation, 
involving  both  extracellular  signal-regulated  kinase  (ERK)-l/2  and  PI3K  pathways 
(Calabro  et  al.  2004).  Whereas  the  results  from  an  ex  vivo  model  of  mouse  aortic 
arch  endothelial  sprouting  seem  to  confirm  a  pro-angiogenic  role  of  resistin 
(Robertson  et  al.  2009a,  b),  little  data  exists  to  date  on  the  in  vivo  angiogenic  effects 
of  resistin.  Further  research  is  clearly  needed  in  order  to  determine  whether  resistin 
may  contribute  to  angiogenesis  sustaining  adipose  tissue  expansion  in  obesity. 


10.5.1    Angiopoietin-Like  Protein  4 

Angptl-4,  also  known  as  fasting-induced  adipose  factor  (FIAF),  is  as  the  name  indi- 
cates a  member  of  the  angiopoietin-family  of  growth  factors,  synthesized  and 
secreted  in  adipose  tissue  in  response  to  fasting  (Yoon  et  al.  2000;  Kim  et  al.  2000). 
The  406  amino  acid  full-length  protein  contains  an  N-terminal  coiled-coil  domain, 
similar  to  adiponectin,  resistin,  and  Tsp-1  (Carlson  et  al.  2008),  and  a  C-terminal 
fibrinogen-like  domain.  The  coiled-coil  domain  mediates  the  formation  of 
disulphide-linked  dimers  that  may  further  assemble  into  tetramers  (Ge  et  al.  2004; 
Yin  et  al.  2009).  Most  of  the  secreted  Angptl-4  is  bound  to  the  extracellular  matrix, 
where  the  coiled-coil  domain  mediates  binding  to  extracellular  matrix  components, 
including  vitronectin  and  fibronectin  (Goh  et  al.  2010b).  The  protein  also  exists  in 
soluble,  full-length  dimeric  or  tetrameric  forms.  In  addition,  Angptl-4  fragments  are 
generated  through  proteolytic  cleavage,  mediated  by  preprotein  convertases,  yield- 
ing oligomers  containing  the  coiled-coil  domain,  and  35  kDa  monomers  of  the 
fibrinogen-like  domain  (Ge  et  al.  2004;  Chomel  et  al.  2009).  Notably,  this  process- 
ing of  full-length,  oligomerized  Angptl-4  is  reminiscent  of  that  of  adiponectin.  In 
the  circulation,  Angptl-4  exists  in  different  forms:  glycosylated,  full-length  oligo- 
mers or  cleaved  oligomers,  and  monomers  (Mandard  et  al.  2004;  Grootaert  et  al. 
2012).  The  cellular  receptors  for  Angptl-4  includes  heparin  sulfate  proteoglycans, 
present  in  the  cell  membrane  and  in  the  extracellular  matrix  (Chomel  et  al.  2009). 
Further,  Angptl-4  may  interact  with  pi  and  p5  integrins  to  mediate  its  cellular 
effects  (Goh  et  al.  2010a). 

Angptl-4  is  produced  in  many  different  tissues,  but  the  main  sources  are  adipose 
tissue,  liver,  and  placenta.  Additionally,  the  lungs,  kidneys,  as  well  as  skeletal  and 
cardiac  muscle  produce  Angptl-4.  Levels  are  usually  low  in  the  intestine,  where 
Angptl-4  expression  is  selectively  suppressed  by  the  gut  microbiota  (Backhed  et  al. 
2004).  Similar  to  leptin,  VEGF-A,  and  IL-6,  the  levels  of  Angptl-4  have  been  found 
to  increase  in  response  to  hypoxia  (see  Chap.  14)  (Mazzatti  et  al.  2012).  Indeed, 
increased  Angptl-4  expression  has  been  detected  in  ischemic  skeletal  muscle  or 
heart  in  both  mice  and  humans  (Le  Jan  et  al.  2003;  Galaup  et  al.  2012).  Furthermore, 
Angptl-4  levels  increase  during  adipogenesis  and  in  response  to  PPAR  agonists 
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(Kersten  et  al.  2000).  However,  both  adipose  tissue  expression  and  circulating 
Angptl-4  levels  decrease  with  increasing  BMI  (Robciuc  et  al.  2011).  Angptl-4  has 
been  proposed  as  a  metabolism-sensing  factor  mediating  the  cross-talk  between 
liver,  skeletal  muscle,  adipose  tissues,  and  the  brain,  where  it  stimulates  anorexia 
and  energy  expenditure  (Kim  et  al.  2010).  Systemically,  Angptl-4  has  been  found  to 
modulate  glucose  metabolism  as  well  as  lipid  metabolism  and  storage  in  part  via 
inhibition  of  LPL  activity,  essential  for  free  fatty  acid  uptake  across  the  endothelium 
and  for  lipogenesis. 

Angptl-4  has  been  suggested  to  function  as  an  angiostatic  factor.  It  inhibits 
growth  factor-induced  endothelial  cell  migration,  proliferation  and  tube  formation 
in  vitro  and  angiogenesis  in  vivo  in  the  cornea  angiogenesis  assay  as  well  as  the 
matrigel  plug  assay  in  mice  (Ito  et  al.  2003;  Cazes  et  al.  2006;  Yang  et  al.  2008; 
Chomel  et  al.  2009).  Both  the  extracellular  matrix-bound  full-length  form  of 
Angptl-4  and  the  soluble,  cleaved  monomeric  form  containing  the  fibrinogen-like 
domain  were  found  to  inhibit  angiogenic  responses.  The  mechanisms  seem  to 
involve  reduced  cell-matrix  contact  formation,  as  well  as  direct  suppression  by 
Angptl-4  of  the  growth  factor-activated  ERK1/2  MAPK  signaling  pathway  in  endo- 
thelial cells  (Cazes  et  al.  2006;  Yang  et  al.  2008).  However,  context-dependent 
effects  of  Angptl-4  are  reported,  as  under  certain  conditions,  notably  inflammation, 
this  adipokine  may  instead  stimulate  angiogenic  processes  including  endothelial 
cell  migration,  proliferation,  and  tube  formation  (Kim  et  al.  2000;  Gealekman  et  al. 
2008;  Le  Jan  et  al.  2003).  It  may  further  protect  against  metabolic  stress-induced 
endothelial  cell  death  (Kim  et  al.  2000).  Perhaps  the  biological  activity  of  Angptl-4, 
similar  to  adiponectin,  depends  on  the  oligomeric  structure  of  the  protein.  Indeed, 
the  LPL  lowering  activity  has  been  shown  to  depend  on  the  soluble,  oligomeric, 
N-terminal  Angptl-4  fragment  species.  Further,  it  is  possible  that  the  extracellular 
matrix  composition  surrounding  the  target  cells  as  well  as  the  cellular  integrin 
expression  profile,  but  also  the  different  commercial  sources  of  recombinant 
Angptl-4  protein,  may  influence  its  biological  effects. 

In  addition  to  its  role  in  angiogenesis,  Angptl-4  seems  to  regulate  vascular  bar- 
rier function  (Ito  et  al.  2003).  Again,  there  is  discrepancy  in  the  literature  as  to 
whether  Angptl-4  prevents  or  induces  vascular  permeability.  However,  in  the  con- 
text of  cardiac  ischemia,  Angptl-4  null  mice  were  recently  found  to  display  increased 
vascular  leakage  in  a  model  of  myocardial  infarction,  leading  to  increased  cardiac 
edema,  cardiac  inflammatory  response,  and  larger  infarct  sizes  (Galaup  et  al.  2012). 
On  the  other  hand,  Angptl-4  therapy  led  to  reduced  vascular  leakage  and  cardiac 
edema  in  a  rabbit  model  of  ischemia-reperfusion  injury.  Mechanistically,  it  was 
proposed  that  Angptl-4  may  prevent  vascular  permeability  by  reducing  VEGF-A- 
induced  dissociation  of  the  VEGFR-2/VE-cadherin  complex  involved  in  disruption 
of  adherens  junctions  in  the  vascular  endothelium  (Galaup  et  al.  2012). 

The  role  of  Angptl-4  in  adipose  tissue  angiogenesis  is  still  unclear.  Interestingly, 
increased  intestinal  expression  of  Angptl-4  was  suggested  to  mediate  the  resistance 
to  diet-induced  obesity  found  in  germ- free  mice  (Backhed  et  al.  2004).  Similarly, 
over-expression  of  Angptl-4  in  adipose  tissue  in  mice  fed  a  high-fat  diet  led  to  a 
50  %  reduction  in  WAT  mass  without  altering  food  intake  (Mandard  et  al.  2006). 
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However,  although  there  was  increased  free  fatty  acid  oxidation,  Angptl-4  over- 
expression  was  found  to  result  in  hypertriglyceridemia,  due  to  impaired  plasma  tri- 
glyceride clearance  and  impaired  glucose  tolerance.  Conversely,  Angptl-4-null 
mice  fed  a  standard  diet  show  increased  body  weight  gain  as  compared  to  wt  mice 
(Kim  et  al.  2010).  However,  Angptl-4-deficient  mice  were  surprisingly  resistant  to 
diet-induced  obesity.  Again,  these  discrepant  findings  necessitate  further  research 
on  the  role  of  Angptl-4  in  adipose  tissue  expansion. 


10.6    Tumor  Necrosis  Factor-a 


TNF-a  (also  called  cachectin)  is  produced  as  a  233  amino  acid  transmembrane  pro- 
tein cleaved  by  TACE/ADAM17  into  a  157  amino  acid  residues  (17  kDa)  soluble, 
secreted  factor.  Soluble  TNF-a  is  a  homotrimer  that  exerts  its  effects  via  type  1 
(p55)  and  type  2  (p75)  TNF-a  receptors.  It  is  a  major  immune  response-modifying 
cytokine,  primarily  produced  by  activated  macrophages.  Further,  and  in  addition  to 
its  central  effects  on  food  intake  and  its  peripheral  effects  on  insulin  sensitivity 
(Hotamisligil  et  al.  1993;  Romanatto  et  al.  2007),  TNF-a  plays  an  important  local 
role  during  adipose  tissue  expansion.  TNF-a  is  not  only  produced  by  adipose  tissue 
macrophages  but  also  by  adipocytes,  stromal,  and  vascular  cells  (Xu  et  al.  2002).  Its 
expression  is  greater  in  subcutaneous  depots  as  compared  with  visceral  depots,  but 
this  may  vary  depending  on  total  and  regional  fat  mass  distribution.  TNF-a  is  known 
to  interfere  with  the  energy  metabolism  in  adipocytes,  leading  to  altered  glucose 
and  lipid  metabolisms  and  hormone  receptor  signaling  (Sethi  and  Hotamisligil 
1999).  For  example,  TNF-a  exerts  direct  lipolytic  effects  on  adipocytes,  via  activa- 
tion of  hormone  sensitive  lipase  (HSL),  essential  for  triglyceride  hydrolysis. 
Whereas  TNF-a  expression  in  WAT  increases  in  obesity  (Li  et  al.  2002),  the  circu- 
lating levels  of  TNF-a  are  generally  not  concomitantly  increased,  arguing  for  a 
local,  paracrine  effect  of  this  cytokine.  In  obesity,  TNF-a  plays  an  important  role  in 
the  impairment  of  insulin  signaling,  and  it  may  further  contribute  to  adipose  tissue 
endothelial  dysfunction  via  stimulation  of  local  inflammation  and  reduction  of  adi- 
ponectin  expression  (Donato  et  al.  2012). 

TNF-a  may  either  stimulate  or  inhibit  angiogenesis  depending  on  the  context 
(Frater-Schroder  et  al.  1987;  Leibovich  et  al.  1987):  whereas  TNF-a  cooperates 
with  VEGF-A  and  FGF-2  in  stimulation  of  endothelial  migration,  it  displays  sup- 
pressive effects  on  endothelial  proliferation  induced  by  the  same  growth  factors. 
This  may  in  part  be  due  to  the  activation  by  TNF-a  of  SHP-1  protein  tyrosine 
phosphatase  (PTP1C),  found  to  negatively  regulate  VEGFR-2  (Guo  et  al.  2000). 
Further,  chronic  exposure  of  endothelial  cells  to  TNF-a  reduces  VEGFR-2  expres- 
sion levels  (Patterson  et  al.  1996).  On  the  other  hand,  TNF-a  stimulate  the  produc- 
tion of  angiogenic  factors  including  VEGF-A,  FGF-2,  IL-8,  MCP-1,  and  leptin 
(Yoshida  et  al.  1997;  Gerhardt  et  al.  2001).  Finally,  TNF-a  may  induce  Ang-2  and 
Tie2  receptor  expression  in  endothelial  cells,  leading  to  stimulation  of  vascular 
remodeling  (Chen  et  al.  2004). 
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The  angiogenic  or  angiostatic  impact  of  TNF-oc  in  expanding  adipose  tissues 
may  be  regulated  both  by  its  own  level  of  expression  and  by  the  local  levels  of  pro- 
duction of  other  angiogenic  regulators.  Further,  the  effects  of  TNF-oc  are  likely 
mediated  in  an  indirect  manner:  involving  either  upregulation  of  angiogenic  stimu- 
lators, leading  to  increased  angiogenic  responses,  or  through  the  pro-inflammatory 
and  insulin  resistance  effects  of  TNF-oc,  linked  to  endothelial  dysfunction  and 
reduced  angiogenic  responses  to  growth  factor  stimulation. 

Mice  lacking  functional  TNF-oc  display  improved  insulin  sensitivity  on  a  high-fat 
diet  as  compared  with  wt  mice,  despite  the  fact  that  they  show  similar  body  weight 
gain,  with  only  a  tendency  for  a  reduction  in  epididymal  fat  depot  sizes  (Uysal  et  al. 
1997).  Similarly,  decreased  production  of  soluble  TNF-oc  in  mice  heterozygous  for 
ADAM  17  was  mainly  associated  with  protection  against  diet-induced  insulin  resis- 
tance (Serino  et  al.  2007).  This  suggests  that  TNF-oc,  in  addition  to  its  pro- 
inflammatory role,  may  contribute  to  adipose  tissue  expansion,  but  absence  of 
TNF-oc  is  not  sufficient  to  prevent  adipogenesis. 


10.7  Interleukin-6 


IL-6  is  a  183  amino  acid  residue  cytokine,  produced  in  multiple  glycosylated  forms, 
ranging  in  size  from  22  to  27  kDa.  The  IL-6  receptor  (IL-6Roc),  homologous  to  the 
leptin  receptor,  exists  both  in  a  membrane-bound  and  a  soluble  form.  Intracellular 
signaling  is  triggered  by  IL-6-induced  receptor  dimerization  followed  by  activation 
of  the  transmembrane  signal-transducing  component  gpl30.  This  leads  to  activation 
of  the  JAK/STAT  pathway,  culminating  in  phosphorylation  of  the  STAT3  transcrip- 
tion factor  and  induction  of  target  genes  including  acute  phase  proteins.  Within 
adipose  tissue,  IL-6  and  IL-6Roc  are  expressed  by  adipocytes  and  adipose  tissue- 
resident  cells,  including  macrophages,  fibroblasts,  and  endothelial  cells  (Kershaw 
and  Flier  2004).  Expression  and  secretion  of  IL-6  are  2-3  times  greater  in  visceral 
than  in  subcutaneous  fat  depots  (Fried  et  al.  1998).  In  contrast  to  TNF-oc,  IL-6  levels 
are  high  in  the  blood  (Table  10.2),  and  it  is  estimated  that  about  30  %  of  circulating 
IL-6  levels  may  originate  from  adipose  tissue  (Mohamed-Ali  et  al.  1997).  In  obe- 
sity, IL-6  production  and  secretion  increase  within  adipose  tissues,  resulting  in  fur- 
ther elevated  plasma  levels.  Circulating  IL-6  levels  are  positively  correlated  with 
impaired  glucose  tolerance  and  insulin  resistance  in  men,  even  after  controlling  for 
BMI,  and  with  systolic  hypertension  in  women  (Fernandez-Real  et  al.  2001),  and 
may  predict  the  development  of  type  2  diabetes  and  cardiovascular  disease.  In  addi- 
tion to  its  effects  on  inflammation,  and  its  deleterious  impact  on  in  insulin  signaling 
and  endothelial  function,  IL-6  may  directly  regulate  adipogenesis.  It  reduces  LPL 
activity  leading  to  decreased  free  fatty  acid  uptake  and  reduced  lipogenesis 
(Greenberg  et  al.  1992).  Acute  IL-6  infusion  leads  to  increased  circulating  free  fatty 
acid  levels  as  well  as  altered  lipoprotein  profile  in  humans  (Stouthard  et  al.  1995). 
Chronic  over-expression  of  IL-6  in  transgenic  mice  leads  to  growth  retardation, 
including  smaller  fat  depots,  and  involves  decreased  circulating  levels  of 
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insulin-like  growth  factor- 1  (De  Benedetti  et  al.  1997).  On  the  other  hand  mice  with 
a  targeted  deletion  of  IL-6  develop  mature-onset  obesity  that  can  be  partly  reversed 
by  IL-6  replacement  (Wallenius  et  al.  2002).  The  anti-obesity  effect  of  IL-6  seems 
to  depend  on  its  central  actions  in  the  brain,  where  IL-6  stimulates  energy 
expenditure. 

IL-6  stimulates  endothelial  cell  migration,  proliferation,  and  tube  formation  and 
induces  angiogenesis  in  vivo,  partly  via  stimulation  of  VEGF-A  expression  (Cohen 
et  al.  1996;  Hernandez-Rodriguez  et  al.  2003).  In  agreement,  repeated  intraperito- 
neal IL-6  administration  in  mice  led  to  increased  vascular  density  in  retroperitoneal 
fat  depots  (Rega  et  al.  2007).  The  biological  actions  of  IL-6  may  thus  include  stimu- 
lation of  angiogenesis  in  adipose  tissues  enabling  fat  expansion,  while  centrally  it 
exerts  anti-obesity  effects.  Notably,  this  set  of  opposing  actions  by  IL-6  is  reminis- 
cent of  the  impact  of  its  structurally  related  cousin,  leptin. 


10.8    Transforming  Growth  Factor-P 

Transforming  Growth  Factor- p  (TGF-P)  exists  in  mammals  as  three  isoforms;  TGF- 
pl,  TGF-p2,  and  TGF-p3,  which  show  partly  overlapping  functions.  Almost  all 
cells  express  receptors  for  TGF-p,  and  at  least  one  of  the  isoforms  is  produced  in  all 
tissues.  In  the  immune  system,  most  cells  express  TGF-pl,  whereas  TGF-p3  may  be 
the  predominant  form  in  adipose  tissue  (Miller  et  al.  1989).  TGF-p  is  secreted  as  a 
preprotein  of  390  or  412  amino  acids,  which  is  subsequently  cleaved  by  the  conver- 
tase  family  of  endoproteases  to  generate  the  active  form.  The  mature  and  active 
TGF-P  protein  is  a  25  kDa  dimer  with  a  characteristic  cystine  knot  structure,  similar 
to  nerve  growth  factor  and  PDGF-BB  (Hinck  2012).  TGF-p  binds  to  two  serine/ 
threonine  kinase  receptors:  TGF-pRl  and  TGF-pR2.  The  former  receptor  exists  as 
several  variants,  including  the  ubiquitously  expressed  Alk-5  and  the  endothelial- 
restricted  Alk-1  (Lebrin  et  al.  2005).  Endoglin  also  participates  as  a  type  3  co- 
receptor  for  Alk-1.  Receptor  heterodimerization  leads  to  activation  of  Smad 
transcription  factors,  with  Smad3  being  the  principal  signaling  mediator.  TGF-P 
regulate  many  aspects  of  cellular  function  including  cellular  adhesion,  migration, 
proliferation,  differentiation,  and  apoptosis  (Santibanez  et  al.  2011).  Further, 
TGF-Ps  play  an  important  role  in  fibrosis.  Indeed,  TGF-P  has  been  linked  to  several 
human  diseases  characterized  by  excessive  fibrosis  including  kidney  and  liver  and 
lung  diseases,  as  well  as  pathological  cardiac  hypertrophy  (Prud'homme  2007). 

TGF-P  is  expressed  by  both  adipocytes  and  stromal  cells  in  adipose  tissue,  and 
its  production  as  well  as  secretion  is  increased  in  adipose  tissue  of  obese  rodents  and 
humans  (Alessi  et  al.  2000).  Further,  TNF-a  has  been  suggested  to  mediate  the  link 
between  insulin  resistance  and  the  elevated  levels  of  TGF-P  seen  in  obesity  (Samad 
etal.  1999). 

Following  initial  discrepancies  regarding  the  impact  of  TGF-p  on  angiogenesis 
(Muller  et  al.  1987;  Yang  and  Moses  1990),  it  is  now  proposed  that  TGF-P  may  act 
as  a  regulator  of  endothelial  cell  activation  state  via  a  fine  balance  between  Alk-5 
and  Alk-1  signaling.  Indeed,  it  seems  that  TGF-p  may  either  stimulate  or  inhibit 
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angiogenesis  depending  on  both  its  own  expression  levels  and  the  expression  pat- 
tern of  its  receptors  in  endothelial  cells:  whereas  Alk-1 -induced  Smadl/5  activation 
leads  to  stimulation  of  endothelial  cell  migration  and  proliferation,  Alk-5 -mediated 
Smad2/3  activation  leads  to  inhibition  of  these  processes  (Pepper  1997;  Lebrin  et  al. 
2005).  Recently,  activation  of  Smad2/3  was  found  to  be  essential  for  vessel  matura- 
tion and  for  maintenance  of  vascular  integrity  during  development  (Itoh  et  al.  2012). 
Similarly,  TGF-P  may  also  in  adult  life  play  an  important  role  in  maintenance  of 
vascular  integrity  in  microvascular  beds  (Walshe  et  al.  2009). 

The  impact  of  TGF-P  in  regulation  of  adipose  tissue  angiogenesis  or  vascular 
integrity  is  still  unclear  and  further  efforts  are  warranted.  Additionally,  TGF-p  may 
play  a  role  in  hypoxia-induced,  HIF- la-mediated  WAT  fibrosis  as  seen  in  obesity 
(Halberg  et  al.  2009;  Michailidou  et  al.  2011  #312;  Spencer  et  al.  2011).  Finally,  a 
role  for  TGF-p  in  local  regulation  of  energy  expenditure  in  adipose  tissue  has 
recently  been  proposed.  Deficient  TGF-P  signaling  in  Smad3  mutant  mice  led  to 
resistance  against  diet-induced  obesity  without  altering  food  intake  (Tan  et  al.  201 1; 
Yadav  et  al.  2011).  Interestingly,  suppression  of  TGF-P  signaling  resulted  in  selec- 
tive expansion  and  activation  of  "brown-type"  adipocytes  residing  in  WAT,  associ- 
ated with  increased  mitochondrial  biogenesis  and  elevated  basal  respiration  rates. 
Similarly,  systemic  blockade  of  TGF-P  signaling  by  neutralizing  antibodies  limited 
adipogenesis  in  both  diet-  and  genetically  induced  obesity  models  in  mice  (Yadav 
et  al.  2011).  Notably,  it  was  associated  with  reduced  WAT  inflammation  and  with 
prevention  of  obesity-induced  insulin  resistance.  TGF-p  thus  seems  to  play  a  delete- 
rious role  in  obesity  by  potentially  stimulating  adipose  tissue  inflammation  and 
fibrosis  and  suppressing  local  energy  metabolism. 


10.9    Other  Adipokines 
10.9.1  Angiogenin 

Angiogenin,  a  123  amino  acid  single-chain  protein  that  belongs  to  the  ribonuclease 
superfamily,  is  one  of  the  first  discovered  angiogenic  factors  secreted  by  tumor  cells 
(Fett  et  al.  1985).  It  displays  weak  ribonucleolytic  activity,  as  compared  with  pan- 
creatic ribonuclease  A.  However,  this  enzymatic  activity  seems  to  be  essential  for  its 
effects  on  angiogenesis  as  well  as  for  its  other  functions  (Strydom  et  al.  1989). 
Angiogenin  is  produced  and  secreted  by  many  cell  types,  including  adipocytes  and 
cells  from  the  stromal  vascular  fraction  in  adipose  tissues.  Further,  adipose  tissue 
angiogenin  expression  is  increased  in  obese  mice  (Kurki  et  al.  2012).  Similarly, 
elevated  angiogenin  plasma  levels  have  been  found  in  overweight  and  obese  humans 
(Silha  et  al.  2005),  suggesting  that  this  angiogenic  factor  may  play  a  role  in  adipose 
tissue  blood  vessel  growth  during  fat  mass  expansion. 

It  seems  that  angiogenin  may  act  on  several  of  the  key  steps  involved  in  angio- 
genesis to  stimulate  blood  vessel  growth.  Angiogenin  has  been  found  to  bind  to 
smooth  muscle  type  a-actin  on  the  cell  surface,  leading  to  accelerated  tissue-type 


206 


E.  Brakenhielm  and  Y.  Cao 


plasminogen  activator-catalyzed  cleavage  of  plasminogen  and  degradation  of  the 
vascular  basement  membrane.  This  extracellular  matrix  proteolysis  is  a  crucial  step 
in  initiation  of  angiogenesis.  Other  identified  extracellular  binding  partners  of 
angiogenin  include  heparan  sulfate  proteoglycans,  plasminogen,  elastase,  and  angi- 
ostatin  (Strydom  1998).  Further,  through  a  yet  unidentified  cell  receptor  expressed 
on  subconfluent  endothelial  cells,  angiogenin  induces  Akt  signaling,  leading  to 
stimulation  of  angiogenesis.  However,  it  has  been  suggested  that  angiogenin  may 
also  directly  mediate  some  of  its  effects  in  the  cell  nucleus  by  binding  to  the  pro- 
moter region  of  ribosomal  DNA  (rDNA)  leading  to  stimulation  of  rRNA  transcrip- 
tion (Li  and  Hu  2011).  Although  angiogenin  may  be  an  important  regulator  of 
angiogenesis,  there  is  currently  no  data  on  the  impact  of  angiogenin  on  adipose  tis- 
sue angiogenesis. 


10.9.2  Apelin 


Apelin  is  a  prepropeptide  hormone  of  77  amino  acids  produced  by  many  cell  types, 
including  adipocytes,  vascular  stromal  cells,  and  cardiomyocytes.  During  its  post- 
translational  processing  several  different  active  fragments  are  generated  including  a 
36  amino  acid  peptide  ("apelin  36"),  a  17  amino  acid  peptide  ("apelin  17"),  and  a 
13  amino  acid  peptide  ("apelin  13"),  which  seems  to  be  the  most  active  form  of 
apelin.  The  different  apelin  fragments  are  secreted  and  signal  through  a  G-protein- 
coupled  receptor  called  APJ,  expressed  in  vascular  cells  and  cardiomyocytes  but 
also  in  hypothalamic  neurons.  Apelins  are  implicated  in  numerous  physiological 
processes,  including  central  appetite  control,  diuresis,  blood  pressure  control,  as 
well  as  regulation  of  cardiac  contractility  in  mice.  Indeed,  apelins  are  potent 
endothelium-dependent  vasodilators  and  additionally,  in  human  heart,  they  are 
among  the  most  potent,  endogenous  positive  inotropic  agents  found  to  date.  Apelin 
levels  are  increased  in  obesity  and  diabetes,  where  insulin  but  also  TNF-oc  stimulate 
apelin  production  (Castan-Laurell  et  al.  2008).  Additionally,  apelin  is  induced  by 
hypoxia,  as  occurs  in  ischemic  cardiomyopathy  and  in  pathologically  expanded  adi- 
pose tissues.  Apelins  display  anti-inflammatory  properties  and  may  further  regulate 
angiogenesis.  Apelins  have  been  found  to  stimulate  endothelial  cell  migration,  pro- 
liferation, and  tube  formation  and  to  stimulate  angiogenesis  in  vivo  (Kidoya  and 
Takakura  2012).  Indeed,  apelins  were  shown  to  be  essential  for  hypoxia-induced 
retinal  angiogenesis  (Kasai  et  al.  2010).  Furthermore,  siRNA-mediated  suppression 
of  apelin  expression  reduced  angiogenic  responses  in  a  mouse  model  of  adipose 
tissue  transplantation  (Kunduzova  et  al.  2008).  This  indicates  that  apelin  may  play 
a  physiopathological  role  during  vascular  growth  in  expanding  adipose  tissues, 
especially  under  hypoxic  conditions.  However,  whereas  centrally  injected  apelin 
displays  anorexic  effects,  peripheral  administration  of  apelin  was  shown  to  reduce 
body  weight  gain  and  WAT  expansion  in  mice,  without  altering  food  intake.  The 
mechanism  includes  stimulation  of  energy  expenditure,  in  part  through  upregulation 
of  BAT  uncoupling  proteins  (Higuchi  et  al.  2007). 
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10.9.3  Chemerin 

Chemerin  is  a  novel  adipokine  hormone,  whose  expression  is  increased  in  the  adi- 
pose tissue  of  obese  and  diabetic  humans  (Bozaoglu  et  al.  2007).  It  signals  through 
the  G  protein-coupled  receptor  chemokine-like  receptor  (CMKLR)-l,  and  receptor 
defects  have  been  found  to  lead  to  reduced  adipocyte  differentiation  and  glucose 
uptake.  Further,  chemerin  stimulates  immune  cell  chemotaxis  toward  site  of  inflam- 
mation. On  the  other  hand,  chemerin  inhibits  synthesis  of  pro-inflammatory  media- 
tors and  increases  adiponectin  production.  Recently,  chemerin  was  found  to 
stimulate  endothelial  migration,  proliferation,  and  tube  formation  in  vitro  (Kaur 
et  al.  2010;  Bozaoglu  et  al.  2010),  which  may  suggest  a  role  for  this  new  adipokine 
in  regulation  of  adipose  tissue  angiogenesis. 


10.9.4  Omentin 

Omentin  is  a  313  amino  acid  preprotein  hormone  (280  amino  acid  mature  form) 
discovered  in  a  screen  for  genes  highly  expressed  in  omental  fat  depots  (Yang  et  al. 
2006).  It  was  subsequently  found  to  be  identical  to  a  previously  identified  calcium- 
dependent  galactose-binding  lectin  called  intelectin-1,  or  soluble  intestinal  lactofer- 
rin  receptor.  Omentin  exists  as  two  isoforms  and  omentin- 1  appears  to  be  the  major 
form  in  human  plasma.  The  mature  protein  contains  an  N-terminal  fibrinogen-like 
domain  and  a  C -terminal  carbohydrate  recognition  domain.  In  humans,  omentin 
forms  glycosylated  disulfide-linked  homotrimers,  whereas  in  mice  it  exists  as  a  non- 
glycosylated  30  kDa  monomer  (Tsuji  et  al.  2007).  Omentin  is  expressed  in  multiple 
cell  types,  including  stromal  vascular  cells  in  visceral  adipose  tissues.  Similar  to 
adiponectin,  omentin  levels,  both  in  adipose  tissue  and  in  the  circulation,  decrease 
with  increasing  BMI  (de  Souza  Batista  et  al.  2007;  Auguet  et  al.  2011).  Apart  from 
its  potential  role  in  microbe  recognition  and  intestinal  binding  of  lactoferrin,  the 
effects  of  omentin  include  stimulation  of  insulin  sensitivity  in  adipocytes  and  induc- 
tion of  NO  production  in  endothelial  cells,  leading  to  vasodilation.  While  omentin 
has  been  suggested  to  contribute  to  allergic  airway  inflammation,  in  vascular  endo- 
thelial cells  it  was  found  to  display  anti-inflammatory  properties,  including  suppres- 
sion of  TNF-a-induced  cyclooxygenase  (COX)-2  expression  (Yamawaki  et  al.  201 1). 

Recently,  omentin- 1  has  been  suggested  to  act  as  an  anti-angiogenic  factor,  as  it 
reduced  VEGF-A-stimulated  endothelial  cell  migration  and  tube  formation  in  vitro 
(Tan  et  al.  2010).  The  molecular  mechanisms  behind  the  angiostatic  effects  of 
omentin  may  include  suppression  of  receptor  activator  for  NF-kB  ligand  (RANKL) 
expression  (Xie  et  al.  201 1),  known  for  its  impact  on  vascular  permeability  and  role 
in  stimulation  of  angiogenesis.  Although  in  vivo  data  on  the  impact  of  omentin  in 
angiogenesis  models  are  still  lacking,  recent  clinical  data  in  patients  with  gastric 
cancer,  showing  that  elevated  omentin- 1  levels  correlate  with  improved  prognosis 
(Zheng  et  al.  2012),  are  suggestive  of  an  anti-angiogenic  role  of  omentin. 
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10.9.5    Plasminogen  Activator  Inhibitor-1 

PAI-1,  a  member  of  the  serine  protease  inhibitor  (SERPIN)  family,  is  the  primary 
inhibitor  of  fibrinolysis  that  inactivates  urokinase-type  as  well  as  tissue-type  plas- 
minogen activator.  PAI-1  is  expressed  by  many  cell  types,  including  adipocytes. 
PAI-1  expression  and  secretion  has  been  reported  to  be  greater  in  visceral  than  in 
subcutaneous  adipose  tissues.  In  accordance,  plasma  PAI-1  levels  are  strongly 
associated  with  visceral  adiposity.  PAI-1  expression  is  induced  by  adipocyte  dif- 
ferentiation (Soukas  et  al.  2001),  as  well  as  by  TNF-oc  and  TGF-P  stimulation 
(Samad  et  al.  1999;  Alessi  et  al.  2000).  Further,  the  expression  levels  of  PAI-1 
increase  under  hypoxia.  Obesity  leads  to  increased  PAI-1  expression  in  adipose  tis- 
sues and  to  a  correlated  increase  in  circulating  levels  (Alessi  et  al.  2000). 
Furthermore,  the  elevated  plasma  levels  of  PAI  found  in  obesity  and  insulin  resis- 
tance seem  to  predict  the  risk  for  type  2  diabetes  and  cardiovascular  disease  (Juhan- 
Vague  and  Alessi  1997). 

PAI-1  has  been  shown  to  both  positively  and  negatively  regulate  angiogenesis. 
PAI-1  administration  was  found  to  reduce  FGF-2-induced  angiogenic  responses  in 
the  chicken  CAM  in  vivo  assay,  in  part  by  blocking  extracellular  matrix  vitronectin 
binding  to  ocvp3  integrins  (Stefansson  et  al.  2001).  Similarly,  PAI-1  may  reduce 
smooth  muscle  cell  migration  via  competitive  binding  to  vitronectin  (Stefansson 
and  Lawrence  1996).  However,  PAI-1 -deficient  mice  were  conversely  found  resis- 
tant to  angiogenic  stimulation  with  FGF-2  in  the  mouse  corneal  assay  (Gutierrez 
et  al.  2000).  It  seems  that  PAI-1  plays  an  important  role  in  angiogenesis  by  indi- 
rectly regulating  fibrin  proteolysis  in  the  provisional  endothelial  extracellular 
matrix:  whereas  excessive  degradation  of  fibrin  in  the  absence  of  PAI-1  may  be 
deleterious  for  angiogenic  responses,  insufficient  proteolysis  induced  by  PAI-1 
over-expression  may  likewise  reduce  angiogenesis  by  preventing  endothelial  cell 
migration  and  new  vessel  sprouting  (Pepper  et  al.  1996).  The  role  of  PAI-1  in  regu- 
lation of  adipose  tissue  angiogenesis  seems  similarly  variable  and  may  depend  on 
local  expression  levels  as  well  as  on  mouse  strain  inherent  differences  (Lijnen 
2005).  Although  fat-targeted  over-expression  of  PAI-1  in  implanted  fat  pads  led  to 
stimulation  of  adipogenesis,  systemic  over-expression  resulted  in  reduced  adipose 
tissue  angiogenesis  and  smaller  adipocytes  (Scroyen  et  al.  2009).  Similarly,  trans- 
genic mice  over-expressing  PAI-1  in  adipose  tissue  were  found  to  be  resistant  to 
diet-induced  obesity  (Lijnen  et  al.  2003).  This  was  associated  with  reduced  stromal 
components  in  the  fat  pad  of  PAI-1  over-expressing  mice.  On  the  other  hand,  mice 
with  targeted  deletion  in  PAI-1  also  display  resistance  to  both  diet-induced  and 
genetic  obesity  (Ma  et  al.  2004;  Schafer  et  al.  2001).  This  was  suggested  to  involve 
increased  energy  expenditure  and  improved  metabolic  parameters  including  glu- 
cose tolerance  and  insulin  sensitivity.  It  seems  that  whereas  too  high  PAI-1  activity 
prevents  obesity  potentially  by  blocking  angiogenesis,  too  little  PAI-1  also  inhibits 
adipose  tissue  angiogenesis,  but  more  importantly  seem  to  increase  energy  metabo- 
lism leading  to  direct  reduction  of  the  drive  for  adipogenesis.  Although  PAI-1  may 
contribute  to  the  development  of  obesity,  it  seems  that  the  links  are  stronger  between 
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increased  PAI-1  levels  and  development  of  insulin  resistance  or  cardiovascular  dis- 
ease (Kershaw  and  Flier  2004). 


10.9.6  Vaspin 

Vaspin  is  a  visceral  adipose  tissue-derived  serpin  class  protein,  similar  to  PAI-1  and 
PEDF.  Whereas  adipose  tissue  expression  levels  are  increased  in  obesity,  circulating 
plasma  levels  of  vaspin  remain  unaltered  (Auguet  et  al.  2011).  Administration  of 
vaspin  improves  glucose  tolerance  and  insulin  sensitivity  in  diet-induced  obese 
mice  (Hida  et  al.  2005).  In  adipose  tissues,  vaspin  suppresses  leptin,  resistin,  and 
TNF-a  expression,  while  it  stimulates  adiponectin  expression.  Although  the  poten- 
tial angiogenic  role  of  this  new  adipokine  hormone  vaspin  is  still  unknown,  it  was 
recently  shown  to  prevent  endothelial  cell  apoptosis  through  its  insulin- sensitizing 
effects  (Jung  et  al.  2011). 


10.9.7  Visfatin 

Visfatin,  also  known  as  pre-B  cell  colony-enhancing  factor  (PBEF),  or  nicotinamide 
phosphoribosyltransferase  (Nampt),  is  a  491  amino  acid  enzyme  highly  expressed  in 
visceral  adipose  tissue,  but  also  produced  in  other  tissues  including  liver.  Visfatin 
production  is  increased  by  hypoxia  and  inflammation,  and  elevated  adipose  tissue 
expression,  as  well  as  circulating  level  of  visfatin,  is  found  in  type  2  diabetes  and 
obesity  (Terra  et  al.  2012).  Visfatin  has,  in  addition  to  its  role  in  the  biosynthesis  of 
nicotinamide  mono-  and  dinucleotide,  been  proposed  to  play  a  role  in  glucose  metab- 
olism and  to  display  pro-inflammatory  effects  (Jacques  et  al.  2012).  Further,  visfatin 
has  been  found  to  stimulate  angiogenesis  in  the  CAM  assay  and  the  mouse  matrigel 
plug  assay  (Kim  et  al.  2007b;  Adya  et  al.  2008).  The  mechanism  seems  to  involve 
activation  of  multiple  pathways  in  endothelial  cells,  including  the  ERK-1/2  pathway 
but  also  the  Notch- 1  pathway,  leading  to  upregulation  of  FGF-2  expression  (Kim 
et  al.  2007b;  Bae  et  al.  201 1).  Furthermore,  visfatin  may  increase  VEGF-A  production, 
via  the  mammalian  target  of  the  rapamycin  (mTOR)  pathway  (Park  et  al.  2011).  In 
addition  to  induction  of  these  two  angiogenic  growth  factors,  part  of  the  stimulatory 
effects  of  visfatin  on  angiogenesis  may  be  mediated  through  upregulation  of  the  pro- 
inflammatory, pro-angiogenic  cytokines  IL-6  and  IL-8  (Kim  et  al.  2009). 


10.9.8    Lipid  Derivatives 

In  addition  to  the  adipokines,  the  adipose  tissue  produces  and  secretes  many  non- 
protein factors  involved  in  paracrine  or  endocrine  signaling,  such  as  prostaglandins, 
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steroid  hormones,  free  fatty  acids,  and  other  lipid  derivatives.  In  particular,  mono- 
butyrin  (1-butyryl-glycerol),  a  lipid-derivative  secreted  by  adipocytes,  was  found  to 
stimulate  endothelial  cell  migration  in  vitro  and  angiogenesis  in  vivo  in  the  CAM 
assay  (Dobson  et  al.  1990).  It  has  been  suggested  to  represent  a  major  fraction  of  the 
total  angiogenic  activity  of  adipose  tissue. 


10.10    Fat  Depot-Specific  Differences 

Fat  depot- specific  characteristics  are  apparent  in  the  body's  different  fat  depots, 
including  subcutaneous  (e.g.,  truncal,  subscapular,  inguinal),  visceral  (e.g.,  omen- 
tal, mesenteric),  extraperitoneal  (e.g.,  perirenal,  peripancreatic,  pericardial),  and 
perivascular  fat  depots.  For  example,  whereas  subcutaneous  WAT  expands  via  both 
adipocyte  hypertrophy  and  hyperplasia,  omental  fat  expansion  seems  to  mainly 
involve  adipocyte  hypertrophy.  Additionally,  subcutaneous  adipose  tissue  may  have 
both  larger  adipocytes  and  higher  capillary  density  than  visceral  depots  (Gealekman 
et  al.  201 1).  In  agreement,  subcutaneous  adipose  tissue  was  found  to  be  less  hypoxic 
as  compared  with  visceral  depots,  both  in  lean  and  in  obese  mice  (Michailidou  et  al. 
2011).  Further,  the  various  fat  depots  display  different  adipokine  production  and 
secretion  profiles:  whereas  HGF  and  FGF-2  expression  levels  are  similar  in  subcu- 
taneous and  omental  adipose  tissues,  the  levels  of  leptin,  adiponectin,  and  TNF-oc, 
and  Angptl-4  are  highest  in  subcutaneous  WAT  adipocytes  (Gealekman  et  al.  201 1). 
In  contrast,  visceral,  and  especially  omental,  depots  seem  to  produce  larger  amounts 
of  VEGF-A,  FGF-1,  FGF-9,  IL-6,  PAI-1,  visfatin,  and  TSP-1  (Fried  et  al.  1998; 
Gabriels  son  et  al.  2000;  Fain  et  al.  2004).  Further,  mesenteric,  intermuscular,  and 
renal  fat  depots  express  significantly  higher  levels  of  VEGF-A  and  FGF-2  as  com- 
pared with  subcutaneous  WAT  (Yamada  et  al.  2010),  and  these  levels  correlated 
with  adipocyte  sizes.  In  morbidly  obese  humans,  PAI-1  and  TGF-P  expression  lev- 
els were  reportedly  similar  in  different  fat  depots,  while  TNF-oc  production  was 
found  to  be  increased  in  visceral,  as  compared  with  subcutaneous,  fat  depots  (Alessi 
et  al.  2000).  Interestingly,  whereas  plasma  levels  of  adiponectin  exhibit  strong  nega- 
tive correlation  with  visceral  fat  mass,  plasma  levels  of  another  adipokine,  retinol- 
binding  protein  (RBP)-4,  are  positively  associated  with  visceral  obesity,  rather  than 
with  BMI  per  se  (Graham  et  al.  2006). 

Apart  from  adipocyte-inherent  differences  between  fat  depots,  and  given  that  the 
large  majority  of  the  adipokine  release  by  adipose  tissue,  except  for  adiponectin  and 
leptin,  may  actually  be  derived  from  nonfat  cells,  i.e.,  adipose  stromal  cells  (see 
Chap.  5),  macrophages  (see  Chap.  13),  and  vascular  cells  (Fain  et  al.  2004),  the 
composition  of  the  adipose  tissue  matrix  and  residual  cell  populations  may  give  rise 
to  further  site- specific  differences. 

In  addition  to  secretion  profile  differences,  the  anatomical  location  of  the  adipose 
tissue  influences  its  endocrine  function.  For  example,  whereas  adipokines  produced 
in  subcutaneous  depots  are  secreted  into  the  blood  stream,  giving  rise  to  potentially 
widespread  systemic  effects,  visceral  adipose  tissue-derived  adipokines  are  secreted 
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directly  into  the  portal  system  facilitating  their  impact  on  hepatic  metabolic 
function. 

Taken  together,  the  functional  heterogeneity  observed  among  the  body's  differ- 
ent fat  depots  has  led  to  the  view  that  adipose  tissue  may  not  simply  be  an  endocrine 
organ  but  rather  a  group  of  similar  but  unique  endocrine  organs  (Kershaw  and  Flier 
2004).  Indeed,  it  is  known  that  the  body  fat  distribution  profile  influences  health 
(Matsuzawa  2008).  However,  although  visceral  obesity  is  clearly  associated  with 
increased  risk  for  metabolic  syndrome  (Bergman  et  al.  2007;  Matsuzawa  et  al. 
2011),  the  causal  molecular  mechanisms  are  still  unknown.  It  has  been  proposed 
that  the  specialized  endocrine  function  of  visceral  adipose  tissue,  including  elevated 
production  of  pro-inflammatory  factors,  such  as  IL-6,  together  with  low  expression 
of  insulin- sensitizing  factors,  such  as  adiponectin,  may  play  an  important  role  in 
mediating  the  link  between  visceral  obesity  and  metabolic  syndrome.  Furthermore, 
visceral  fat  depots  may  influence  systemic  angiogenic  responses  in  obesity  via 
increased  release  of  pro-angiogenic  factors,  such  as  VEGF-A,  and  reduced  levels  of 
anti-angiogenic  factors,  such  as  adiponectin.  It  may  be  speculated  that  visceral  fat- 
derived  circulating  pro-angiogenic  adipokines  might  contribute  to  angiogenesis- 
dependant  diseases  including  cancer.  In  support,  visceral  obesity  was  recently 
confirmed  to  be  a  significant  risk  factor  for  liver  and  biliary  tract  cancers  (Schlesinger 
et  al.  2013). 


10.11    Alterations  in  Obesity 

Pathological  expansion  of  adipose  tissue,  as  seen  in  obesity,  is  associated  with  sev- 
eral local  cellular  and  molecular  alterations,  including  a  shift  in  adipokine  expres- 
sion profile  with  elevated  adipose  tissue  production  of  VEGF-A,  leptin,  resistin, 
IL-6,  TNF-oc,  MCP-1,  PAI-1,  chemerin,  and  vaspin,  and  reduced  levels  of  adiponec- 
tin, omentin,  and  Angptl-4  (Li  et  al.  2002;  Hajer  et  al.  2008;  Inadera  2008;  Robciuc 
et  al.  2011;  Northcott  et  al.  2012)  (Fig.  10.1).  Further,  in  obesity,  the  fat  depot- 
specific  differences  may  be  reversed,  as  increased  subcutaneous  fat  depot  expres- 
sion of  IL-6,  FGF-2,  and  visfatin  and  increased  visceral  expression  of  TNF-oc  and 
VEGF-C  have  been  reported  (Gealekman  et  al.  201 1).  Moreover,  this  altered  adipo- 
kine production  and  secretion  occurring  during  adipose  tissue  growth  not  only  influ- 
ences local  tissue  levels,  but  also  modifies  circulating  levels.  Notably,  in  overweight 
and  obese  subjects,  multiple  changes  in  plasma  adipokines  levels  are  observed 
(Hotamisligil  et  al.  1995;  Rehman  et  al.  2003;  Fain  et  al.  2004;  Silha  et  al.  2005; 
Inadera  2008;  Northcott  et  al.  2012)  (Table  10.2). 

As  mentioned  previously,  many  of  the  adipokines  over-expressed  in  obesity  dis- 
play pro-inflammatory  functions.  Notably,  during  adipocyte  hypertrophy  there  is 
upregulation  of  pro-inflammatory  adipokines,  including  11-6,  TNF-oc,  MCP-1,  and 
resistin,  and  down-regulation  of  anti-inflammatory  adipokines,  such  as  adiponectin 
and  omentin,  leading  to  local  low  level  inflammation  in  the  WAT  associated  with 
recruitment  of  bone  marrow-derived  monocytes  and  expansion  of  resident 
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Fig.  10.1  Alterations  of  adipokine  expression  profiles  in  obesity.  Adipokine  expression  changes 
during  adipose  tissue  expansion  and  in  obesity.  The  hypertrophic  and  hyperplastic  adipocytes,  as 
well  as  stromal  cells  and  activated  macrophages  in  adipose  tissues,  contribute  to  the  altered  pro- 
duction and  secretion  of  adipose  tissue-derived  hormones,  enzymes,  cytokines  as  well  as  growth 
factors  in  overweight  and  obese  subjects 


macrophages  (Weisberg  et  al.  2003;  Suganami  and  Ogawa  2010).  Indeed,  whereas 
adipose  tissue  in  the  lean  contains  an  estimated  5-10  %  of  macrophages,  in  obesity 
this  population  may  increase  to  up  to  60  %  of  total  cell  counts  in  WAT.  These  acti- 
vated macrophages  further  secrete  pro-inflammatory  cytokines,  e.g.,  TNF-a  and 
IL-6,  but  also  many  pro-angiogenic  factors  (see  Chap.  13),  including  VEGF-A,  and 
hormones  such  as  resistin  and  visfatin.  Thus,  the  dysregulation  of  adipokine  secre- 
tions observed  in  obesity  is  not  only  due  to  altered  expression  profiles  in  hypertro- 
phic and  hyperplastic  adipocytes,  but  it  is  also  influenced  by  the  accumulation  in 
adipose  tissues  of  activated  adipose  tissue  macrophages  that  may  play  a  significant 
role  (Xu  et  al.  2003). 

Obesity  is  a  risk  factor  for  insulin  resistance  and  type  2  diabetes,  dyslipidemia, 
hypertension,  and  cardiovascular  disease.  All  of  these  conditions  are  associated 
with  microvascular  alterations,  including  endothelial  dysfunction  and  aberrant 
angiogenic  responses.  Whereas  obesity  further  is  a  risk  factor  for  the  development 
of  angiogenesis-dependent  diseases  such  as  cancer,  type  2  diabetes  has  been  linked 
to  angiogenic  resistance  (Waltenberger  2009;  Tchaikovski  et  al.  2009).  Presumably, 
the  deleterious  vascular  alterations  seen  in  obesity  and  related  pathologies  are  medi- 
ated by  the  changed  circulating  levels  of  adipokines,  including  angiogenic  regula- 
tory factors.  Indeed,  among  the  adipokines  increased  during  obesity,  both  in  WAT 
and  the  blood  stream,  are  many  pro-angiogenic  factors,  e.g.,  leptin,  VEGF-A,  HGF, 
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Fig.  10.2  Adipokines  in  regulation  of  angiogenesis  during  fat  expansion.  Adipokines  may  play 
important  roles  in  regulation  of  adipose  tissue  angiogenesis.  During  adipose  tissue  expansion,  the 
expression  levels  of  adipokines  with  angiogenic  stimulatory  effects  as  well  as  factors  with  anti- 
angiogenic  effects  are  altered  as  compared  with  quiescent  fat  depots.  This  may  result  in  a  local 
pro-angiogenic  balance  in  expanding  adipose  tissues  that  could  drive  vascular  growth  permitting 
further  adipogenesis 


and  IL-6.  On  the  other  hand,  the  levels  of  several  well-known  negative  angiogenic 
regulators,  including  TSP-1,  TSP-2,  endostatin,  and  PEDF,  may  also  increase  dur- 
ing adipose  tissue  expansion  (Silha  et  al.  2005;  Voros  et  al.  2005;  Varma  et  al.  2008; 
Famulla  et  al.  2011).  In  contrast,  both  local  and  circulating  levels  of  adiponectin, 
Angptl-4,  and  omentin,  suggested  to  function  as  anti-angiogenic  factors,  are  reduced 
in  obesity.  Thus,  it  may  be  that  the  local  balance  of  angiogenic  regulators  in  obese 
adipose  tissue  is  switched  towards  stimulation  of  angiogenesis,  which  would  then 
favor  further  adipose  tissue  expansion  (Fig.  10.2).  Similarly,  the  balance  of  circulat- 
ing angiogenic  regulators  in  obese  humans  may  also  be  tilted  towards  a  more  pro- 
angiogenic  state,  leading  to  stimulation  of  angiogenesis  in  distant  organs.  However, 
it  is  likely  that  the  endothelial  dysfunction  occurring  in  obesity  (Barton  et  al.  2012) 
may  lead  to  local  or  generalized  reductions  in  the  angiogenic  responsiveness  of  the 
endothelium  to  growth  factors  and  other  stimulators.  This  angiogenic  "resistance" 
would  result  in  impaired  wound  healing,  increased  vulnerability  to  ischemic  injury, 
as  well  as  cardiac  dysfunction  via  reductions  in  ischemia-induced  capillary  growth 
and/or  arterial  remodeling  in  obese  subjects.  Furthermore,  it  may  lead  to  reduced 
angiogenic  responses  in  obese  adipose  tissues.  In  agreement,  subcutaneous  WAT 
capillary  density  and  angiogenic  capacity  were  recently  found  to  correlate  nega- 
tively with  insulin  sensitivity  and  to  decrease  with  morbid  obesity  (Gealekman  et  al. 
2011;  Spencer  et  al.  2011).  It  seems  thus  that  although  adipose  tissue  expansion 
requires  stimulation  of  angiogenesis  and  accordingly  high  levels  of  pro-angiogenic 
factors  are  produced  during  adipogenesis,  there  may  be  insufficient  angiogenesis  in 
obese  WAT.  Indeed,  pathologically  expanded  adipose  tissue,  as  seen  in  obesity,  is 
hypoperfused  and  hypoxic  (Hosogai  et  al.  2007;  Michailidou  et  al.  2011).  The  adi- 
pose tissue  hypoxia  may  not  only  result  in  altered  secretion  of  adipokines  and 
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increased  local  inflammation,  but  it  may  also  limit  further  adipose  tissue  expansion. 
This  leads  to  the  hypothesis  that  therapeutic  stimulation  of  angiogenesis  in  obese 
adipose  tissues  may  result  in  a  reduction  of  local  inflammation  and  in  an  increase  in 
adipogenesis.  In  agreement,  it  was  recently  reported  that  targeted  VEGF-A  over- 
expression  in  WAT  during  high-fat  diet-induced  obesity  led  to  further  stimulation  of 
adipose  tissue  angiogenesis.  Notably,  this  was  associated  with  prevention  of  local 
hypoxia-driven  inflammation  in  the  fat  depot,  including  reduced  pro-inflammatory 
and  increased  anti-inflammatory  macrophage  recruitment  (Elias  et  al.  2012).  This 
normalization  of  adipose  tissue  was  found  to  protect  against  diet-induced  insulin 
resistance  in  mice,  likely  due  in  part  to  prevention  of  the  obesity-induced  deleteri- 
ous adipokine  secretion  profile.  However,  increasing  adipose  tissue  vascularity  in 
the  fat  depots  did  not  increase  their  size,  but  rather  was  found  to  prevent  fat  expan- 
sion despite  similar  food  intake.  It  seems  that  the  VEGF-A-induced  increase  in 
adipose  tissue  angiogenesis  resulted  in  increased  thermogenic  capacity  and  energy 
expenditure.  Similarly,  increased  adipose  tissue  vascularity  has  been  shown  to  be 
essential  for  cold-induced  non-shivering  thermogenesis  (see  Chap.  7)  (Xue  et  al. 
2009). 

It  is  by  now  acknowledged  that  macrophages  and  other  immune  cells  play  an 
important  role,  not  limited  to  VEGF-A  production,  in  angiogenesis.  It  is  likely  that 
the  adipose  tissue-resident  macrophage  population  influences  adipose  tissue  angio- 
genesis via  production  of  pro-angiogenic  adipokines.  In  support  of  this  notion,  it 
was  recently  described  that  macrophage  depletion  led  to  a  reduction  in  adipose  tis- 
sue vascular  density  in  lean  wt  mice  (Xu  et  al.  2012).  In  addition  to  its  role  as  a 
direct  angiogenic  inhibitor,  TSP-1  also  modulates  macrophage  infiltration.  In  agree- 
ment, mice  lacking  TSP-1  showed  reduced  macrophage  accumulation  in  adipose 
tissue  during  diet-induced  obesity  (Li  et  al.  2011).  However,  this  did  not  result  in 
altered  adiposity  as  compared  with  wt  mice  fed  high-fat  diet.  This  observation  sug- 
gests that  while  macrophages  play  an  important  role  in  adipose  tissue  angiogenesis 
(Xu  et  al.  2012),  they  are  not  strictly  necessary,  for  adipose  tissue  expansion  during 
development  of  obesity.  Nevertheless,  reduction  of  macrophage  infiltration  in 
expanding  adipose  tissues  in  TSP-1 -deficient  mice  importantly  led  to  protection 
against  obesity-related  systemic  inflammation  and  insulin  resistance  (Li  et  al.  201 1), 
likely  by  modulating  circulating  adipokine  levels. 

In  summary,  during  initial  adipose  tissue  growth,  the  adipokines  secreted  locally 
may  tip  the  balance  in  favor  of  adipose  tissue  angiogenesis.  This  leads  to  vascular 
growth  coordinated  with  the  expansion  of  fat  tissue  mass,  thus  enabling  physiologi- 
cal adipogenesis  (Fig.  10.3).  In  contrast,  during  extensive  adipose  tissue  growth  as 
seen  in  overweight  and  obese  subjects,  although  the  local  angiogenic  balance  may 
be  further  tilted  towards  a  pro-angiogenic  state,  there  seems  to  be  an  insufficient 
angiogenic  response.  Together  with  the  potential  endothelial  dysfunction  of  adipose 
tissue  vasculatures  occurring  in  obesity,  this  leads  to  a  mismatch  between  the  adi- 
pose tissue  perfusion  and  the  metabolic  needs  of  hypertrophic  adipocytes  and 
hypoxia  ensues.  This  microenvironmental  change  in  WAT  found  during  develop- 
ment of  obesity,  associated  with  local  low  level  tissue  inflammation,  contributes  to 
the  dysregulation  of  adipokine  expression  profiles  with  further  increase  in  the 
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Fig.  10.3  Angiogenic  responses  in  white  adipose  tissue  during  fat  expansion.  During  physiologi- 
cal adipose  tissue  expansion,  pro-angiogenic  adipokine  ("pro")  levels  increase  out  of  proportion  of 
anti-angiogenic  adipokines  ("anti"),  tipping  the  local  balance  towards  stimulation  of  angiogenesis, 
enabling  expansion  of  healthy,  well- vascularized,  and  sufficiently  perfused  fat  depots.  However, 
during  excessive  adipose  tissue  growth,  as  seen  in  severe  overweight  and  obesity,  the  adipose  tis- 
sue vasculature  may  become  dysfunctional  and  the  local  angiogenic  responses  insufficient  to  pre- 
vent adipose  tissue  hypoxia.  Together  with  the  hypoxia-induced  inflammatory  response  in  the  fat 
depot,  this  leads  to  pathological  modifications  in  adipokine  expression  profiles.  While  this  altered 
adipokine  production  locally  exacerbate  endothelial  dysfunction  and  deficient  angiogenic 
responses  in  WAT,  in  the  blood  circulation  these  obese-profile  adipokines  exert  detrimental  effects 
on  insulin  sensitivity  and  cardiovascular  function,  leading  to  the  development  of  obesity-related 
diseases 


expression  of  pro-inflammatory  adipokines.  This  leads  to  a  local  vicious  cycle,  and 
to  an  increasingly  dysfunctional  adipose  tissue  vasculature.  Additionally,  when  the 
circulatory  levels  of  these  adipokines  are  altered,  as  observed  in  overweight  and 
obese  subjects  (Trayhurn  and  Wood  2004),  the  development  of  obesity -related  dis- 
eases ensues,  including  insulin  resistance,  hypertension,  and  atherosclerosis.  From 
this  model,  it  is  clear  that  regulation  of  angiogenesis  not  merely  plays  an  essential 
role  in  adipose  tissue  growth,  but  that  it  is  intimately  involved  in  establishing  the 
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pathological  phenotype  of  massively  expanded  adipose  tissue,  as  seen  in  obesity, 
associated  with  a  deleterious  systemic  impact  through  the  secretion  of  pathogenic 
adipokines.  Pro-  or  anti-angiogenic  adipokines,  as  key  orchestrators  of  adipose  tis- 
sue angiogenesis,  may  thus  be  central  targets  in  the  pursuit  of  novel  anti-obesity 
treatments. 


10.12  Conclusion 

The  spatiotemporal  interplay  between  adipose  tissue-derived  pro-angiogenic  and 
anti-angiogenic  factors  is  critical  in  determining  the  degree  of  vascular  growth  and 
remodeling  that  occurs  during  adipose  tissue  growth  or  regression.  The  discovery 
that  adipose  tissue  expansion  can  be  controlled  through  its  vasculature  makes  the 
subject  of  adipokine  regulation  of  angiogenesis  a  central  research  field  in  the  search 
for  a  cure  against  obesity. 

Beyond  their  local  effects  in  adipose  tissue,  it  is  well  appreciated  that  the  secreted 
adipokines  influence  systemic  functions.  Moreover,  alterations  in  adipokine  levels 
observed  in  obesity  may  play  a  causative  role  in  obesity-related  diseases  such  as 
type  2  diabetes  and  hypertension.  The  prospect  of  therapeutic  modulation  of  adipo- 
kine production  in  expanding  adipose  tissues,  to  favor  the  expression  of  anti- 
inflammatory cytokines,  is  a  particularly  appealing  one  as  it  may  enable  us  to  limit 
obesity-associated  pathologies. 

Among  the  different  adipokines,  adiponectin  is  of  particular  interest.  Notably, 
adiponectin  displays  direct  and  indirect  protective  effects  against  both  insulin  resis- 
tance and  cardiovascular  diseases.  Apart  from  its  beneficial  effects  on  glucose 
metabolism  and  antioxidant  defenses,  adiponectin  is  anti-inflammatory.  As  men- 
tioned previously,  adiponectin  treatment  reduces  adipose  tissue  inflammation  in 
obesity.  As  inflammatory  macrophages  play  a  key  role  in  the  altered  secretion, 
found  in  obesity,  of  deleterious  adipokines,  adiponectin  may  also  indirectly  limit 
obesity-linked  adipokine-mediated  diseases  including  metabolic  syndrome.  Indeed, 
adiponectin  administration  has  been  suggested  as  a  therapy  for  prevention  of 
obesity-related  diseases.  Furthermore,  in  view  of  the  anti-angiogenic  effects  of  adi- 
ponectin, including  sequestration  of  angiogenic  factors,  it  may  be  speculated  that 
the  elevated  levels  of  adiponectin  found  in  lean  adipose  tissue  may  limit  initial  adi- 
pose tissue  expansion  by  preventing  vascular  growth  and  remodeling.  Subsequently, 
the  decreased  levels  of  adiponectin  found  in  obesity  may  contribute  to  the  switch  in 
the  adipose  tissue  from  an  anti-angiogenic  to  a  pro-angiogenic  phenotype  during  fat 
expansion.  Interestingly,  analogous  to  adiponectin,  the  expression  of  two  other 
potential  adipose  tissue-derived  angiogenic  inhibitors,  Angptl-4  and  omentin,  are 
also  decreased  in  obesity.  These  adipokines  may  thus  also  be  considered  for  thera- 
pies aimed  at  anti-angiogenic  prevention  of  obesity. 

On  the  other  hand,  although  adipose  tissue  growth  is  associated  with  increased 
production  of  many  pro-angiogenic  factors,  and  decreased  levels  of  several  anti- 
angiogenic  factors,  it  seems  that  adipose  tissue  is  hypoxic,  both  in  stages  of 
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overweight  and  obesity.  Therefore,  insufficient  angiogenic  tissue  responses  seem  to 
be  at  the  heart  of  the  pathological  phenotype  of  the  adipose  tissues  observed  in  obe- 
sity and  may  constitute  the  link  between  excessive  adipose  tissue  growth  and  adipo- 
kine  dysregulation.  The  development  of  tools  that  correct  the  seeming  angiogenic 
"resistance"  of  obese  adipose  tissues  could  represent  a  new  parallel  venture  in  the 
pursuit  of  normalization  of  adipokine  expression  patterns  in  the  obese  in  order  to 
prevent  obesity-associated  pathologies. 
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Regulation  of  Adipose  Angiogenesis  by 

Inflammatory  Cells 


Chapter  11 

Immune  Cells  in  Adipose  Tissue:  Key  Players 
in  Metabolic  Disorders 


Fanny  Volat  and  Anne  Bouloumie 


Abstract  Obesity,  defined  as  an  excessive  development  of  adipose  tissue,  is  associ- 
ated with  high  risk  to  develop  metabolic  disorders  including  insulin  resistance,  type 
2  diabetes,  and  cardiovascular  diseases.  Many  investigations  performed  in  mice  and 
humans  provided  evidences  that  obesity  is  associated  with  a  low  grade  inflamma- 
tory state  with  enhanced  both  circulating  and  intra- tissular  pro-inflammatory  cyto- 
kine and  chemokine  levels  as  well  as  accumulation  of  immune  cells,  including 
macrophages  and  lymphocytes.  The  inflammatory  response  that  takes  place  within 
the  adipose  tissue  during  fat  mass  development  remains  chronic  with  obesity  and 
has  been  identified  as  the  major  contributor  to  its  pathogenesis.  The  present  chapter 
describes  the  link  between  immune  cells,  adipose  tissue  and  obesity-associated 
pathologies  and  highlights  the  role  of  adipose  tissue  macrophages  in  the  control  of 
adipose  tissue  angiogenesis. 
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11.1    Obesity,  Inflammation,  and  Metabolic  Disorders 

11.1.1    Contribution  of  Adipose  Tissue  in  Chronic 
Inflammation 

Obesity  is  characterized  by  a  low  grade  inflammatory  state  associated  with  meta- 
bolic and  cardiovascular  complications  (Hotamisligil  2006).  Although  major  sites 
of  inflammatory  factor  production  are  the  liver  and  lymphoid  organs,  adipose  tissue 
is  also  able  to  produce  a  large  panel  of  inflammatory  mediators.  Thus,  involvement 
of  fat  mass  itself  in  the  variation  of  systemic  inflammatory  profile  during  obesity 
has  been  suspected.  Initial  reports  focused  on  the  impact  of  diet-induced  weight 
loss  and  demonstrated  an  improvement  of  the  inflammatory  state,  in  particular  a 
decrease  of  TNFa  (tumor  necrosis  factor  alpha),  IL-6  (interleukin  6),  and  C-reactive 
protein  systemic  levels  (Bastard  et  al.  2000a,  b;  Heilbronn  et  al.  2001).  Even  after  4 
weeks  of  very  low  calorie  diet,  the  moderate  weight  loss  is  sufficient  to  improve  the 
inflammatory  profile  in  subcutaneous  adipose  tissue  of  obese  women,  reducing  the 
expression  of  pro-inflammatory  factors  and  increasing  that  of  anti-inflammatory 
molecules,  such  as  IL-10  (Clement  et  al.  2004).  These  data  strongly  suggested  that 
the  production  of  pro-inflammatory  factors  by  adipose  tissue  itself  could  contribute 
to  the  promotion  and  maintenance  of  the  systemic  inflammation  observed  during 
obesity  and  consequently  emphasized  its  influence  on  obesity-associated  metabolic 
complications. 


11.1.2    Adipose  Tissue  Inflammation 

During  the  settlement  of  obesity,  adipose  tissue  dynamically  reacts  to  the  excessive 
caloric  input  by  a  first  stage  of  hypertrophy  of  existing  adipocytes  followed  by  the 
recruitment  of  progenitor  cells  to  form  new  adipocytes,  leading  to  adipocyte  hyper- 
plasia. Whereas  adipocyte  hypertrophy  leads  to  a  shift  of  their  secretions  toward  a 
higher  inflammatory  profile  (Skurk  et  al.  2007),  promotion  of  the  inflammatory 
state  was  mainly  attributed  to  the  accumulation  of  macrophages  within  the  fat  mass. 
Indeed,  in  mice  model  of  obesity  (high  fat  diet-  or  genetically  induced),  one  major 
remodeling  process  during  adipose  tissue  expansion  is  the  accumulation  of  macro- 
phages that  mainly  localized  in  crown-like  structures  around  necrotic  adipocytes 
and,  at  the  same  time,  undergo  a  phenotypic  change  toward  a  pro-inflammatory  or 
Ml  state  (Weisberg  et  al.  2003;  Xu  et  al.  2003;  Cinti  et  al.  2005).  The  development 
of  insulin  resistance  that  occurs  during  obesity  was  therefore  believed  to  be  largely 
attributable  to  the  pro-inflammatory  cytokines  produced  by  infiltrated  macrophages 
and  hypertrophic  adipocytes  (Hotamisligil  2006).  However,  several  recent  data 
mainly  obtained  with  approaches  of  deletion  or  adoptive  transfer  of  immune  cells  in 
obese  mice  models  underscore  the  primary  role  of  lymphocytes  in  obesity-associated 
inflammatory  state  and  metabolic  disorders. 
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11.2    Lymphoid  Cells 

All  lymphoid  cells  originate  from  a  common  lymphoid  progenitor  and  participate  in 
both  innate  (natural  killer  (NK),  natural  killer  T  (NKT),  y5T  cells)  and  adaptive 
immunity  (B  and  T  lymphocytes).  Resident  lymphocytes  have  been  detected  in  the 
stroma- vascular  fraction  of  both  rodents  and  humans  fat  pads.  Interestingly,  as  mac- 
rophages, their  relative  proportion  depends  on  the  degree  of  obesity,  insulin  resis- 
tance, and  adipose  tissue  location.  Lymphocytes  from  innate  immunity  are  mainly 
found  in  intra-abdominal  fat  mass  whereas  those  of  adaptive  immunity  are  present 
in  subcutaneous  fat  depots  (Caspar-Bauguil  et  al.  2009),  suggesting  distinct  contri- 
butions in  the  inflammatory  responses  and  metabolic  disorders. 


11.2.1    Natural  Killer  T  Cells 

NKT  cells  are  activated  by  lipid  antigens  presented  by  the  major  histocompatibility 
complex  (MHC)  class  I  like  CDld-molecules  on  antigen  presenting  cells  (APC) 
such  as  macrophages.  Lipid- activated  NKT  cells  produce  T  helper  1  and  2  cytokines 
(TH1  and  TH2)  including  interferon  (IFN)  y  and  interleukin  (IL)  4,  respectively,  and 
appear  to  act  as  a  bridge  between  innate  and  adaptive  immunity  (Bendelac  et  al. 
2007).  Several  reports  on  the  involvement  of  NKT  cells  in  obesity  and  associated 
metabolic  complications  have  recently  emerged.  While  it  seems  clear  that  NKT 
cells  could  influence  macrophage  polarization  toward  a  reparative  or  M2  pheno- 
type,  especially  via  IL-4  secretion  (Ji  et  al.  2012),  their  involvement  in  adipose  tis- 
sue inflammation  and  insulin  resistance  remains  to  be  clearly  defined.  Indeed,  in 
both  mice  and  humans,  adipose  tissue  abundance  of  NKT  type  1  cells  is  inversely 
correlated  to  body  mass  index  (BMI)  and  insulin  resistance  (Ji  et  al.  2012;  Lynch 
et  al.  2009).  Moreover,  studies  performed  on  CD  Id-/-  mice  demonstrated  that  lack 
of  functional  NKT  cells  does  not  have  metabolic  effect  after  long-term  high  fat 
feeding  (Ji  et  al.  2012;  Kotas  et  al.  2011;  Mantell  et  al.  2011).  However,  since  non- 
specific activation  of  NKT  cells  by  a-galactosylceramide  injection  was  associated 
with  an  improvement  of  glucose  tolerance  in  obese  mice  (Ji  et  al.  2012),  further 
studies  are  needed  to  clearly  delineate  the  protective  and/or  deleterious  potential 
roles  of  the  distinct  NKT  cell  subpopulations. 


11.2.2    B  Lymphocytes 

B  lymphocytes  are  key  players  of  humoral  immune  system,  producing  and  secreting 
immunoglobulins  in  response  to  antigen.  First  studies  performed  on  mice  reported 
an  early  infiltration  of  B  lymphocytes  after  high  fat  feeding,  occurring  before  the 
enlargement  of  fat  mass  and  the  onset  of  insulin  resistance  (Duffaut  et  al.  2009a). 


234 


F.  Volat  and  A.  Bouloumie 


The  involvement  of  B  cells  in  the  development  of  insulin  resistance  has  been 
recently  established  by  Winer  et  al.,  showing  that  in  diet-induced  obesity  (DIO) 
mice  lacking  B  cells  are  protected  from  obesity-associated  metabolic  disorders 
despite  weight  gain  (Winer  et  al.  2011).  The  production  of  pathogenic  immuno- 
globulins by  B  lymphocytes  and  subsequent  activation  of  pro-inflammatory  macro- 
phages and  T  lymphocytes  contribute  to  the  development  of  insulin  resistance.  In 
humans,  few  studies  on  B  lymphocytes  in  adipose  tissue  have  been  performed. 
Using  flow  cytometry  analyses  on  subcutaneous  adipose  tissue,  our  group  observed 
minor  B  cells  population  (CD  19+)  which  is  not  modulated  by  adiposity  (Duffaut 
et  al.  2009b).  A  recent  report  identified  B  cells  within  crown-like  structures  and 
perivascular  space  in  subcutaneous  adipose  tissue  of  obese  subjects  (McDonnell 
et  al.  2012).  Interestingly,  the  predominance  of  B  cells  positively  correlates  with  an 
effective  treatment  for  obesity-related  insulin  resistance  (McDonnell  et  al.  2012). 
So,  additional  studies  are  needed  to  also  precise  the  protective  and/or  pathogenic 
role  of  B  lymphocytes  in  obesity  and  associated  complications. 


11.2.3    T  Lymphocytes  ( CD3+) 

Accumulation  of  T  lymphocytes  (CD3+)  occurs  in  adipose  tissue  of  both  obese 
mice  (Kintscher  et  al.  2008;  Wu  et  al.  2007)  and  humans  (Duffaut  et  al.  2009b).  The 
key  role  of  T  cells  in  the  pathogenesis  of  insulin  resistance  was  demonstrated  by  the 
study  of  Winer  et  al.  demonstrating  that  the  use  of  a  CD 3 -depleting  antibody  pro- 
tects mice  from  the  development  of  insulin  resistance  (Winer  et  al.  2009).  However, 
recent  studies  provided  new  advances  concerning  contribution  of  the  different  sub- 
populations  of  T  lymphocytes  in  the  obesity-associated  inflammatory  process. 


11.2.3.1    CD8+  T  Lymphocytes 

CD8+  lymphocytes,  also  named  "cytotoxic"  T  lymphocytes,  are  involved  in  the 
recognition  and  elimination  of  damaged  dysfunctional  cells.  In  adipose  tissue  of 
both  obese  mice  and  humans,  accumulation  of  CD 8+  T  cells  has  been  reported, 
notably  within  crown-like  structure,  where  they  are  suspected  to  be  involved  in  the 
inflammatory  cascade  initiation  (Winer  et  al.  2009;  Nishimura  et  al.  2009;  Rausch 
et  al.  2008).  Indeed,  in  response  to  high  fat  diet  (HFD),  CD8+  T  cells  infiltration  in 
adipose  tissue  precedes  that  of  macrophages  (Nishimura  et  al.  2009).  Moreover, 
using  neutralizing  antibody  treatment  or  CD8-deficient  mice,  Nishimura  et  al. 
showed  that  depletion  of  the  CD 8+  subset  of  T  lymphocytes  leads  to  a  reduction  of 
inflammatory  Ml  macrophage  accumulation  and  inflammatory  cytokine  expression 
in  the  adipose  tissue  and  consequently  improves  systemic  insulin  resistance. 
Inversely,  adoptive  transfer  of  CD8+  T  cells  to  healthy  obese  CD8-deficient  mice 
increases  pro-inflammatory  macrophage  infiltration  together  with  a  degradation  of 
glucose  tolerance  and  insulin  sensitivity.  Thus,  CD 8+  T  cells  have  a  crucial  role  in 
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the  initiation  and  propagation  of  inflammation  in  obese  adipose  tissue,  by  recruiting 
and  activating  macrophages  to  adipose  tissue.  However,  lack  of  metabolic  effect  on 
lymphocyte-deficient  mice  (Rag-/-)  after  CD8+  T  cells  transfer  (Winer  et  al.  2009) 
suggests  that  the  impact  of  CD8+  cells  on  inflammatory  cascade  requires  that  of 
other  lymphocytes. 

11.2.3.2  CD4+  T  Regulatory  Lymphocytes 

CD4+  Treg  cells  are  a  subset  of  T  lymphocytes  identified  as  CD4+/FoxP3+/CD25+ 
cells.  Whereas  in  adipose  tissue  of  lean  mice  Treg  cells  represent  the  major  popula- 
tion of  T  lymphocytes,  in  both  DIO  and  genetic  model  mice,  abundance  of  these 
cells  in  the  abdominal  fat  is  significantly  decreased  (Feuerer  et  al.  2009).  A  protec- 
tive role  of  Treg  cells  in  the  pathogenesis  of  insulin  resistance  was  firstly  high- 
lighted by  T  cell  depletion  experiments  (using  anti-CD3  antibody  treatment), 
leading  to  an  accumulation  of  Treg  cells  associated  with  an  improvement  of  the 
inflammatory  state  and  a  protection  of  obese  mice  from  the  development  of  insulin 
resistance  (Winer  et  al.  2009;  Ilan  et  al.  2010).  By  contrast,  selective  depletion  of 
Treg  cells  in  lean  mice  leads  to  opposite  phenotype  (Feuerer  et  al.  2009).  Likewise, 
in  db/db  mouse  model,  Treg  cells  depletion  using  anti-CD25  antibody  aggravates 
inflammation  in  adipose  tissue  and  systemic  insulin  resistance,  while  adoptive 
transfer  of  Treg  cells  reduces  CD8+  effector  T  cells  infiltration  and  improves  insulin 
sensitivity  (Eller  et  al.  2011). 

In  humans,  protective  function  of  Treg  cells  in  adipose  tissue  remains  to  be  eluci- 
date as,  to  date,  much  conflicting  data  on  the  abundance  of  Tregs  cells  in  human 
visceral  adipose  tissue  of  obese  patients  compared  to  lean  controls  have  been  reported 
(Feuerer  et  al.  2009;  Eller  et  al.  2011;  Deiuliis  et  al.  2011;  Zeyda  et  al.  2011). 

11.2.3.3  CD4+  T  Helper  Lymphocytes 

CD4+  cells  recognize  polypeptides  presented  by  class  II  MHC  molecules  on  the 
surfaces  of  APC,  such  as  macrophages  and  dendritic  cells.  Involvement  of  these 
cells  in  obesity-associated  insulin  resistance  has  been  explored  by  CD4+  cells 
repopulation  of  lymphocyte-deficient  Rag  1-1-  mice.  Although  reconstitution  of 
CD4+  cells  improves  glucose  tolerance  and  insulin  sensitivity,  these  experiments 
does  not  provide  a  clear  result  since  these  mice  also  display  a  reduction  of  body 
weight  and  adipocyte  size  (Winer  et  al.  2009). 

Stimulated  naive  CD4+  cells  differentiate  into  effectors  T  helper  Thl,  Th2,  or 
Thl7  cells.  Thl  cells  secrete  pro-inflammatory  cytokines  including  INFy  and  pro- 
mote cell-mediating  immune  responses,  whereas  Th2  anti-inflammatory  cells  pro- 
duce IL-4  and  IL-3  and  contribute  to  the  humoral  immune  response.  While  both  Thl 
and  Th2  cells  are  equally  present  in  adipose  tissue  of  lean  mice,  HFD-induced  obe- 
sity conducts  to  a  severe  accumulation  of  Thl  lymphocytes  without  any  change  in 
Th2  cell  number  (Winer  et  al.  2009).  This  increase  of  Thl  cells  could  contribute  to 
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the  higher  production  of  INFy  observed  in  adipose  tissue  of  obese  mice  compared 
to  lean  mice  (Kintscher  et  al.  2008).  Thl7  cells  are  also  increased  in  adipose  tissue 
of  obese  mice.  Whereas  in  lean  adipose  tissue  INFy-secreting  Thl  cells  are  pre- 
dominant, a  switch  from  a  Thl  toward  a  Thl 7  response  in  obese  HFD-fed  and  obi 
ob  mice  has  been  recently  described  and  could  be  partly  due  to  a  small  subset  of 
dendritic  cells  identified  as  Cdllchi§ht  F4/80low  (Bertola  et  al.  2012).  Similarly  to 
mice,  our  group  showed  that  accumulated  T  lymphocytes  from  human  adipose  tis- 
sue exhibit  a  Thl  profile,  characterized  by  higher  expression  of  INFy,  TNFoc,  and 
CCL5/RANTES  than  blood  T  lymphocytes,  whereas  no  expression  of  IL-4,  the 
Th2-related  cytokine,  is  detected  (Duffaut  et  al.  2009b).  A  high  expression  of  IL-17 
by  isolated  CD3+  cells  has  been  also  observed  in  overweight  and  obese  patients 
(Bertola  et  al.  2012),  indicating  that  both  Thl  and  Thl 7  cells  may  account  for 
obesity-induced  inflammatory  state. 


11.3  Macrophages 

11.3.1    Accumulation  in  Adipose  Tissue 

Among  immune  cells,  the  role  of  macrophages  in  adipose  tissue  homeostasis  has 
been  the  most  extensively  studied.  Infiltration  of  F4/80+  CDllb+  macrophages  has 
been  described  in  both  murine  and  human  adipose  tissue  (Hotamisligil  2006). 
Transplantation  experiment  of  labeled  bone  marrow  cells  in  mice  demonstrated  that 
almost  all  infiltrated  macrophages  derive  from  bone  marrow  (Cho  et  al.  2007).  They 
are  released  as  immature  monocytes  into  circulation  before  their  extravasation  into 
target  tissues  where  they  differentiate  into  resident  macrophages.  Adipose  tissue 
expansion  leads  to  hypoxia,  adipocyte  cell  death,  increased  chemokine  secretion, 
and  dysregulation  of  free  fatty  acid  release  which  independently  contribute  to  adi- 
pose tissue  macrophage  infiltration  (Sun  et  al.  201 1).  In  obese  mice  models,  macro- 
phages can  represent  more  than  one  third  of  stromal  adipose  cell  population 
(Weisberg  et  al.  2003;  Xu  et  al.  2003).  They  are  typically  located  in  crown-like 
structures  around  necrotic  adipocytes  (Cinti  et  al.  2005).  This  location  may  be 
linked  to  their  function  as  phagocytes  to  eliminate  dysfunctional  hypertrophic  adi- 
pocytes. Moreover,  as  accumulation  of  macrophages  in  adipose  tissue  strongly  cor- 
relates with  insulin  resistance  in  both  obese  rodents  and  humans  (Xu  et  al.  2003; 
Bertola  et  al.  2009;  Cancello  et  al.  2005),  paracrine  effects  of  macrophages  in 
adipose  tissue  inflammation  process  have  been  strongly  suspected. 
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Macrophages  have  remarkable  plasticity  that  allows  them  to  efficiently  respond  to 
environmental  signals.  Their  phenotype  and  physiology  can  be  altered  by  both 
innate  and  adaptive  immunity.  Indeed,  depending  on  their  environment,  pro  or  anti- 
inflammatory, macrophages  are  able  to  adopt  a  distinct  Ml  or  M2  activation  state. 
Ml  or  "classically  activated"  macrophages  are  induced  by  pro-inflammatory  cyto- 
kines, such  as  lipopolysaccharide  (LPS)  or  INFy,  and  exhibit  a  high  inflammatory 
and  bactericidal  potential.  However,  cytokines  such  as  IL-4  and  IL-3  induce  M2  or 
"alternatively  activated"  macrophages  which  are  characterized  by  their  antiparasitic 
functions  and  their  involvement  in  tissue  repair  and  remodeling.  Several  studies 
performed  on  mice  demonstrated  a  phenotypic  switch  of  macrophages,  from  M2  in 
adipose  tissue  of  lean  mice  to  Ml  in  obese  mice,  explaining  at  least  in  part  the 
inflammatory  state  observed  in  adipose  tissue  of  obese  mice.  In  accordance  with 
this  observation,  in  DIO  and  ob/ob  mice,  depletion  of  resident  macrophages  by  lipo- 
some clodronate  injection  improves  insulin  sensitivity  and  glucose  tolerance  (Feng 
et  al.  201 1;  Lee  et  al.  201 1).  Thus,  these  data  demonstrate  the  major  role  of  macro- 
phages in  the  inflammatory  state  during  murine  obesity  and  their  contribution  to 
associated  metabolic  disorders. 


11.3.3    Macrophages  in  Human  Adipose  Tissue 

In  human  adipose  tissue,  macrophages  appear  differently  modulated  and  exhibit  a 
less  polarized  phenotype.  Indeed,  our  group  showed  that  native  population  of  mac- 
rophages isolated  from  adipose  tissue  expresses  both  Ml-  and  M2-related  markers 
(Bourlier  et  al.  2008).  This  mixed  M1/M2  phenotype  is  considered  as  a  hallmark  of 
a  chronic  inflammatory  process.  Moreover,  compared  to  mice,  fat  mass  expansion  is 
surprisingly  rather  associated  with  an  accumulation  of  M2  macrophages  and  a  con- 
comitant reduction  of  Ml  marker  expression.  In  agreement,  Zeyda  et  al.  described 
an  accumulation  of  macrophages  exhibiting  a  M2  similar  phenotype  but,  impor- 
tantly, they  are  able  to  produce  pro-inflammatory  mediators  (Zeyda  et  al.  2007). 
Thus,  macrophages  of  human  adipose  tissue  are  not  strictly  polarized  in  either  Ml 
or  M2  as  those  of  murine  adipose  tissue  and,  while  they  mainly  exhibit  an  anti- 
inflammatory phenotype,  they  are  nevertheless  able  to  produce  inflammatory  medi- 
ators and  therefore  contribute  to  the  inflammatory  state.  Human  adipose  tissue 
macrophages  also  express  the  lymphatic  vessel  endothelial  hyaluronan  receptor  1 
(LYVE-1)  (Bourlier  et  al.  2008).  LYVE-1  positive  macrophages  have  been  involved 
in  tumor  growth  and  wound  healing  as  well  as  in  mouse  adipose  tissue  angiogenesis 
(Cho  et  al.  2007;  Schledzewski  et  al.  2006),  suggesting  that,  in  addition  to  their 
involvement  in  chronic  inflammatory  process  during  adipose  tissue  expansion,  mac- 
rophages could  have  a  key  role  in  adipose  tissue  angiogenesis. 
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11.4    Macrophages  and  Angiogenesis 

11 .4.1    Postnatal  and  Adult  Adipose  Tissue  Development 

Cho  et  al.  demonstrated  that,  in  highly  hypoxic  region  of  murine  adipose  tissue  that 
appears  during  the  growth  of  the  epididymal  adult  fat  depot,  macrophages  identified 
as  LYVE-1+  accumulate  next  to  the  vascular  network  and  participate  to  its  forma- 
tion by  inducing  angiogenesis.  Indeed,  specific  depletion  of  the  resident  macro- 
phages by  clodronate  liposome  injection  leads  to  a  decreased  vascular  network  (Cho 
et  al.  2007).  The  angiogenic  effect  of  adipose  tissue  macrophages  involves  vascular 
endothelial  growth  factor  (VEGF)  as  well  as  matrix  metalloproteinase  (MMP)  9 
productions.  Their  accumulation  within  the  growing  adipose  tissue  appears  to  be 
tightly  controlled  by  the  production  of  the  chemoattractant  stromal-derived  factor  1 
alpha  (SDF1).  These  findings  have  been  confirmed  and  extended  to  the  develop- 
ment of  murine  adipose  tissue  in  the  postnatal  period.  Indeed,  LYVE-1 -positive 
macrophages,  further  characterized  as  VEGFR1  and  TIE2  positive  cells  (markers  of 
angiogenic  macrophages  (Qian  and  Pollard  2010)),  were  identified  in  the  primitive 
epididymal  adipose  tissue  4  days  after  birth  (Han  et  al.  201 1).  At  this  stage,  macro- 
phage depletion  using  clodronate  approaches  leads  to  a  reduction  of  angiogenesis, 
associated  with  a  reduced  expression  of  basic  fibroblast  growth  factor  (bFGF), 
MMP-9,  TNFoc,  and  transforming  growth  factor  beta  (TGFP)  in  the  stroma- vascular 
fraction  of  adipose  tissue  (Han  et  al.  201 1). 

A  similar  typical  location  of  macrophages  next  to  the  vascular  network  has  been 
recently  observed  in  murine  peritumoral  adipose  tissue  (Wagner  et  al.  2012). 
Peritumoral  adipose  tissue,  which  is  highly  vascularized  and  exhibits  a  higher 
angiogenic  capacity,  is  also  characterized  by  a  dense  infiltration  of  macrophages 
mainly  expressing  markers  of  M2  polarization.  Wagner  et  al.  demonstrated  that 
infiltrated  macrophages  in  the  peritumoral  adipose  tissue  may  play  a  key  role  in 
angiogenesis  stimulation,  creating  a  propitious  microenvironment  for  tumor  pro- 
gression (Wagner  et  al.  2012). 

These  studies  are  in  accordance  with  our  results  showing  that  CD  14+  macro- 
phages that  accumulated  in  human  subcutaneous  adipose  tissue  of  lean  to  over- 
weight patients  express  LYVE-1  in  a  BMI-dependent  manner.  Moreover,  they 
produce  specifically  the  MMP-9.  Finally,  human  adipose  tissue  macrophage- 
secreted  factors  stimulate  in  vitro  the  migration  and  organization  of  the  human  adi- 
pose tissue  endothelial  cells  (characterized  as  CD34+/CD31+  cells),  but  also  the 
angiogenic  capacities  of  the  human  adipose  tissue  progenitor  cells  (identified  as 
CD34+/CD31-  cells)  (Bourlier  et  al.  2008).  Thus,  human  adipose  tissue  macro- 
phages exert  pro-angiogenic  effects  and  may  contribute  to  the  extension  of  the  vas- 
cular network  during  adipose  tissue  growth  (Fig.  11.1). 
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Progenitor 

Fig.  11.1  Regulation  of  angiogenesis  by  adipose  tissue  macrophages.  Adipose  tissue  macrophage 
accumulation,  stimulated  by  various  signals  including  hypoxia,  free  fatty  acid  (FFA),  stromal- 
derived  factor  1  alpha  (SDF1),  and  vascular  endothelial  growth  factor  (VEGF),  is  a  key  player  in 
the  angiogenic  process  associated  with  adipose  tissue  (AT)  growth.  Pro-angiogenic  macrophages, 
identified  as  LYVE1+  and  Tie2+,  may  stimulate  angiogenesis  through  effects  on  endothelial  cells 
and/or  progenitor  cells 

11.4.2  Obesity 

Several  angiogenic  and  endothelial  cell  growth  factors  are  produced  by  adipose  tis- 
sue. Among  them,  VEGF- A  is  considered  as  the  major  actor  of  angiogenesis  and  its 
level  is  positively  associated  with  visceral  fat  accumulation  in  human  obese  subjects 
(Miyazawa-Hoshimoto  et  al.  2003).  As  macrophages  produce  VEGF- A,  the 
increased  levels  of  VEGF-A  with  visceral  fat  accumulation  could  be  due  to  the 
higher  accumulation  of  macrophages  in  visceral  compared  to  subcutaneous  adipose 
tissue  in  obese  patients  (Duffaut  et  al.  2009b;  Cancello  et  al.  2006).  However, 
VEGF-A  is  not  only  produced  by  macrophages  but  also  by  mature  adipocytes  (Ye 
2011)  and  endothelial  cells.  Mice  lacking  SIRT1  (histone  deacetylase  sirtuin  1)  and 
exhibiting  a  defective  angiogenesis  (Potente  et  al.  2007)  also  display  a  strong  reduc- 
tion of  macrophages  accumulation  and  subsequent  decrease  of  cytokine  production 
in  adipose  tissue  (Xu  et  al.  2012).  However,  despite  a  strong  reduced  expression  of 
several  angiogenic  factors  including  PDGF  (platelet-derived  growth  factor),  HGF 
(hepatocyte  growth  factor),  and  TGFp,  no  modification  of  VEGF-A  expression  is 
observed  suggesting  that,  at  least  in  this  model  of  adipose  tissue,  VEGF-A  produc- 
tion is  not  related  to  adipose  tissue  macrophages.  Macrophage  accumulation  in 
obese  adipose  tissue  may  serve  as  an  angiogenic  stimulator  especially  by  increasing 
production  of  PDGF.  Indeed,  Pang  et  al.  demonstrated  that  deletion  of  adipose 
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tissue  macrophages  leads  to  a  reduced  PDGF  expression  in  obese  mice  but  not  in 
lean  (Pang  et  al.  2008).  Furthermore,  expression  of  PDGF  by  macrophages  is  stimu- 
lated by  hypoxic  conditions  and  leads  to  an  improvement  tube  formation  of  endo- 
thelial cells  in  culture,  suggesting  that  macrophages  could  counteract  obesity-induced 
hypoxia  and  improve  capillary  formation  by  at  least  the  production  of  PDGF. 

VEGF  has  been  previously  involved  in  macrophages  recruitment  (Yang  et  al. 
2004).  In  agreement  with  this  capacity,  Elias  et  al.  recently  demonstrated  that  mice 
over-expressing  VEGF  in  adipose  tissue  exhibit  an  increase  of  M2  anti-inflammatory 
macrophages  infiltration  and,  inversely,  a  decrease  of  pro-inflammatory  macro- 
phages. This  therefore  leads  to  a  reduction  of  pro-inflammatory  cytokine  levels  and 
to  an  improvement  of  whole  body  insulin  sensitivity  and  glucose  tolerance  (Elias 
et  al.  2012).  Thus,  during  fat  expansion,  the  increase  of  VEGF- A  secretion  by  adi- 
pocytes could  facilitate  angiogenesis  via  the  recruitment  of  M2  macrophages  in 
adipose  tissue,  which  consequently  also  limits  the  inflammatory  process  (Fig.  1 1.2). 


11.4.3    Involvement  of  Other  Immune  Cells  in  Adipose 
Tissue  Angiogenesis 

Mast  cells  have  also  been  involved  in  adipose  tissue  angiogenesis  during  adipose 
tissue  expansion.  Indeed,  DIO  mice  lacking  functional  mast  cells  display  reduced 
body  weight,  improved  glucose  tolerance,  and  an  associated  reduction  of  vascular 
density  (Liu  et  al.  2009).  Moreover,  adoptive  transfer  of  wild-type  or  cytokine- 
deficient  bone  marrow-derived  mast  cells  demonstrated  that  mast  cells  also  partici- 
pate to  adipose  tissue  angiogenesis  by  IL-6  and  INFy  production  (Liu  et  al.  2009). 
To  date,  the  role  of  other  immune  cells,  such  as  lymphocytes,  on  adipose  tissue 
angiogenesis  has  not  been  yet  explored,  but  it  is  tempting  to  speculate  that  lympho- 
cytes might  play  an  indirect  role  via  their  control  of  macrophage  phenotype  as  well 
as  a  direct  effect  via  their  productions.  Indeed,  Thl7  cells  have  been  involved  in  the 
control  of  tumor  angiogenesis  (Liu  et  al.  2009). 


11.5    Beneficial  or  Detrimental  Effect  of  Angiogenesis? 

Besides  controlling  adipose  tissue  angiogenesis,  macrophage  secretions  are  also 
able  to  reduce  the  proliferation  of  human  adipose  tissue  progenitor  cells  in  vitro 
(Constant  et  al.  2006;  Lacasa  et  al.  2007),  to  impair  adipogenesis  (Zaragosi  et  al. 
2010)  and  to  promote  the  expression  of  a  myofibroblast  phenotype  by  adipose  tissue 
progenitor  cells,  suggesting  their  involvement  in  fibrosis  (Bourlier  et  al.  2012). 
Dynamic  changes  within  fat  mass,  according  to  adipose  tissue  location  and  adipos- 
ity degree,  may  control  the  net  impact  of  adipose  tissue  macrophages.  Indeed,  we 
showed  that,  according  to  the  location  of  human  adipose  tissue  (subcutaneous  vs. 
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Fig.  11.2  Vicious  circle  of  angiogenesis  and  inflammation.  During  excessive  adipose  tissue 
expansion,  angiogenic  function  of  adipose  tissue  cells  including  adipocytes,  macrophages,  and 
endothelial  cells  is  strongly  stimulated  to  counteract  adipose  tissue  hypoxia.  However,  such  pro- 
angiogenic  pressure  might,  in  the  long  run,  induce  senescence  and  impaired  function  of  endothelial 
cells,  leading  to  a  defective  vascular  network.  The  arising  hypoxia  and  immune  cells  recruitment 
may  increase,  in  turn,  adipose  tissue  angiogenesis  in  a  vicious  circle  manner 


visceral)  and  the  adiposity  degree  of  patients,  human  native  adipose  tissue  macro- 
phages exhibit  distinct  phenotypes.  Macrophages  isolated  from  human  visceral  adi- 
pose tissue  show  an  increased  expression  of  the  angiogenic  genes  VEGF-A, 
LYVE-1,  and  IL-6  whereas  macrophages  isolated  from  human  subcutaneous 
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adipose  tissue  exhibit  an  extracellular  matrix  remodeling-like  phenotype.  Since  adi- 
pokines  but  also  hypoxia  regulate  human  adipose  tissue  macrophage  phenotypes, 
the  distinct  adipose  tissue  microenvironment  according  to  the  adipose  tissue  loca- 
tion may  strongly  impact  the  function,  i.e.,  pro-fibrotic  and/or  pro-angiogenic,  of 
adipose  tissue  macrophages  (Bourlier  et  al.  2012). 

Consistent  with  the  pro-angiogenic  phenotype  of  visceral  macrophages,  we 
showed  that  vascular  network  and  endothelial  cells  number  is  higher  in  omental  vs. 
subcutaneous  adipose  tissue  of  obese  patients  (Villaret  et  al.  2010). 

However,  a  higher  expression  of  hypoxia-related  gene  including  VEGF-A,  glu- 
cose transporter  Glut-1,  and  hypoxia  inducible  factor  1  alpha  is  also  observed  in 
adipocytes  as  well  as  macrophages  from  visceral  human  adipose  tissue,  suggesting 
an  impaired  function  of  the  dense  vascular  network  of  visceral  human  adipose  tis- 
sue. One  might  consider  that  the  extension  of  vascular  network  may  be  a  phenom- 
enon disconnected  from  the  maturation  and  functionality  of  the  vessels.  Indeed  in 
tumors,  angiogenesis  is  often  associated  with  abnormal  architecture  and  function  of 
the  neocapillaries.  Moreover,  strong  angiogenic  stimulation  per  se  may  lead  to 
accelerated  aging  of  endothelial  cells  also  called  senescence.  Indeed,  as  for  other 
cell  types,  the  proliferative  life  span  of  endothelial  cells  is  limited,  and  after  a  given 
number  of  replication  cycles,  they  undergo  senescence  characterized  by  a  stop  in 
cell  cycle,  expression  of  a  pro-inflammatory  phenotype,  and  defects  in  endothelial 
cell  function  including  permeability  and  vascular  tone  regulation  (El  Assar  et  al.  2012). 
In  agreement,  we  showed  that  endothelial  cells  from  visceral  adipose  tissue  of  obese 
patients  exhibit  a  senescent-like  phenotype  characterized  by  an  increased  expres- 
sion of  chemokines  and  adhesion  molecules  as  well  as  cellular  senescence  markers 
(Villaret  et  al.  2010).  Moreover,  in  vitro  treatment  of  human  adipose  tissue  native 
endothelial  cells  with  VEGF-A  is  associated  with  an  increased  endothelial  cell 
senescence.  These  results  suggest  that,  via  the  promotion  of  endothelial  cell  senes- 
cence, the  local  pro-angiogenic  microenvironment  might  contribute  to  an  impair- 
ment of  endothelial  cell  functions,  leading  to  hypoxia  and  further  accumulation  of 
immune  cells  (Fig.  11.2).  Ultimately,  reduction  of  the  adipose  tissue  storage  capac- 
ity will  favor  ectopic  fat  deposits  and  insulin  resistance.  Such  hypothesis  remains  to 
be  clearly  established.  However,  it  may  explain  why  stimulation  of  angiogenesis  in 
the  early  state  of  adipose  tissue  development  is  beneficial  and  could  prevent  obesity- 
associated  disorders  (Elias  et  al.  2012;  Sun  et  al.  2012),  whereas  its  blockade  in  the 
late  stage,  such  as  in  already  severe  obese  and  in  diabetic  mice  (ob/ob),  also  improves 
systemic  metabolic  health  (Sun  et  al.  2012;  Brakenhielm  et  al.  2004;  Dallabrida  and 
Rupnick  2002). 


11.6  Conclusion 

It  is  now  well  established  that  immune  cells  play  a  key  role  in  the  link  between 
obesity  and  associated  pathologies,  such  as  type  2  diabetes.  Although  the  sequential 
and  causal  roles  remain  to  be  clearly  elucidate,  approaches  performed  in  mice 
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models  (mostly  in  DIO  mice)  suggest  that  imbalanced  energy  homeostasis  is  associ- 
ated with  a  primary  accumulation  of  B  and  T  lymphocytes  within  the  expanding 
adipose  tissue,  followed  by  macrophages.  Immune  cell  accumulation  in  adipose 
tissue  contributes  to  the  obesity-associated  inflammatory  state,  promoting  then 
insulin  resistance  through  direct  interactions  between  inflammatory  cytokines  and 
factors  and  insulin  signaling  pathways.  Data  obtained  from  human  studies  showed 
that  established  obesity  is  associated  with  a  chronic  unresolved  inflammatory  state, 
characterized  by  the  accumulation  of  non-strictly  polarized  macrophages  and  Th-17 
lymphocytes,  involved  in  the  local  control  of  angiogenesis  and  adipogenesis.  Their 
involvement  in  these  two  processes  might  lead  to  defects  in  both  endothelial  cell 
functions,  by  promoting  endothelial  cells  senescence,  and  adipose  tissue  storage 
capacity,  by  limiting  the  normal  turnover  of  mature  adipocytes  and  the  appearance 
of  new  functional  adipocytes.  Finally,  such  effects  may  indirectly  contribute  to  ecto- 
pic fat  depot  in  liver,  muscle,  and  pancreas  and  therefore  may  lead  to  systemic 
insulin  resistance  and  type  2  diabetes.  Thus,  although  under  normal  conditions 
angiogenesis  controlled  by  adipose  tissue  macrophages  is  required  for  proper  adi- 
pose tissue  function  and  growth,  under  chronic  inflammation  due  to  chronic  energy 
overload,  such  a  phenomenon  might  become  pathological.  Additional  data  are 
needed  to  clearly  establish  the  role  of  immune  cells  on  adipose  tissue  angiogenesis 
and  function  to  determine  the  effects  of  anti-inflammatory  therapies  in  obesity  and 
type  2  diabetes. 
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Chapter  12 

Adipose  Tissue  Hypoxia  in  Regulation 
of  Angiogenesis  and  Obesity 


Zoi  Michailidou  and  Jonathan  R.  Seckl 


Abstract  Obesity  is  strongly  associated  with  co-morbidities  such  as  diabetes, 
hypertension,  atherosclerotic  cardiovascular  disease  and  stroke,  osteoarthritis, 
depression  and  certain  cancers,  notably  of  the  breast,  colon,  oesophagus,  pancreas, 
endometrium,  kidney  and  gall  bladder.  For  most  of  these  morbidities  metabolic 
abnormalities  originating  in  pathologically  expanded  adipose  tissues  play  a  key 
etiological  role.  In  obesity,  rapid  adipose  expansion  occurs.  In  many  this  is  linked 
with  local  hypoxia,  inadequate  vascularization  and  consequent  fibrosis.  However, 
some  individuals  are  resilient  and  less  adversely  affected  by  excess  fat  accumula- 
tion. The  notion  of  'healthy'  adipose  expandability  is  being  proposed  and  docu- 
mented in  some  animal  models  and  in  subgroup  of  obese  individuals.  Such  healthy 
adipose  expansion  requires  the  fine  coordination  of  adipogenesis  and  angiogenesis 
(vascular  remodelling)  to  support  expansion  by  providing  the  oxygen  and  nutrients 
necessary  for  the  adipocyte  survival  and  function.  If  this  balance  fails  adipose  tissue 
fails  to  respond  to  any  metabolically  challenging  situation.  Here  we  focus  on  one  of 
the  mechanisms,  adipose  tissue  hypoxia,  involved  in  regulating  adiposity  and  angio- 
genesis during  obesity. 

Keywords  Hypoxia  •  Adipose  •  Angiogenesis  •  Vasculature  •  Obesity  •  Hypoxia- 
inducible  factor  •  Fibrosis  •  Macrophages  •  Vascular-endothelial  growth  factor 
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Abbreviations 


ASC 

AT 

BAT 

DIO 

FIH 


Adipose  stromal  cells 
Adipose  tissue 


Brown  adipose  tissue 
Diet-induced  obesity 
Factor  inhibiting  HIF 


11P-HSD1 


1 1  P-Hydroxy steroid  dehydrogenase  type  1 

Hypoxia-inducible  factor 

Knockout 

Platelet-derived  growth  factor 
Prolyl  hydroxylase  domain 


HIF 
KO 


PDGF 
PHD 
POMC 
WAT 


Proopiomelanocortin 
White  adipose  tissue 


12.1    Obesity  and  Adipose  Tissue  Hypoxia 

In  obesity,  adipose  tissue  becomes  markedly  expanded  with  both  accumulation  of 
lipid  energy  stores  in  existing  adipocytes,  which  can  massively  expand,  and  the 
recruitment  of  new  adipose  cells  from  precursors  in  the  stromovascular  component 
(preadipocytes,  progenitor  cells).  This  change  in  tissue  size,  unparalleled  in  non- 
neoplastic tissues,  may  challenge  the  ability  of  the  vasculature  to  supply  oxygen  for 
cellular  respiration  of  adipocytes  and  other  cells  and  to  remove  their  metabolic 
waste  products.  The  concept  that  reduced  oxygenation  (hypoxia)  in  adipose  tissue 
with  obesity  is  one  of  the  mechanisms  leading  to  structural  and  metabolic  dysfunc- 
tion, and  in  particular  insulin  resistance,  has  been  increasingly  documented  in  a 
number  of  studies  published  in  the  last  5  years.  These  have  mainly  employed  diet- 
induced  obesity  (DIO)  or  leptin/leptin-signalling-deficient  obesity  models  to  show 
that  with  adipocyte  enlargement  and  lipid  accumulation  in  obesity,  there  is  a  reduc- 
tion in  oxygen  diffusion  and  cells  are  exposed  to  low  oxygen  tension. 

12.1.1    The  Oxygen  Sensing  Pathway:  HIF  as  a  Central 
Regulator 

In  healthy  tissues  the  oxygen  tension  is  20-70  mmHg  (2.5-9  %  oxygen).  The  dif- 
fusion distance  of  oxygen  in  tissues  is  approximately  120  um  (Helminger  et  al. 
1997).  Therefore  for  an  enlarged  adipocyte,  which  may  be  150-200  um  in  diameter 
(Bluher  et  al.  2004),  cellular  size  may  be  expected  to  limit  the  oxygen  diffusion, 
especially  to  distal  areas  remote  from  the  vascular  supply  in  adipose  tissue,  thus 
creating  a  hypoxic  state.  However,  cells  have  mechanisms  to  sense  oxygen  tension. 
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The  key  mediators  of  cellular  adaptation  to  oxygen  lack  are  the  hypoxia-inducible 
factors,  HIF-loc  and  HIF-2a.  These  are  basic  helix-loop-helix  transcriptions  factors 
and  consist  of  a  constitutively  expressed  p  subunit  (HIF-lp  or  ARNT)  and  an 
oxygen-dependent  HIF-oc  subunit.  Under  hypoxic  conditions  HIF-loc  hydroxy lation 
is  inhibited  and  HIF-loc  is  stabilized  (Maxwell  et  al.  1999;  Ivan  et  al.  2001 ;  Jaakkola 
et  al.  2001).  In  mammalian  cells,  three  HIF  prolyl  hydroxylases  have  been  identi- 
fied; PHD1,  PHD2  and  PHD3  (also  called  oxygen  sensors).  All  three  hydroxylate 
two  proline  residues  (pro-402  and  pro-564)  in  the  oxygen-dependent  degradation 
domain  (ODDD)  of  HIF-oc  (Epstein  et  al.  2001).  This  allows  binding  to  the  von 
Hippel-Lindau  (VHL)  E3  ubiquitin  ligase  complex  and  proteosomal  degradation  of 
HIF-oc  (Jaakkola  et  al.  2001;  Ivan  et  al.  2001).  A  fourth  hydroxylase,  factor  inhibit- 
ing HIF  (FIH),  hydroxy lates  a  conserved  asparagine,  thus  blocking  binding  to  the 
transcriptional  activator  p300  and  subsequent  transcription  of  hypoxia-inducible 
genes  (Mahon  et  al.  2001;  Lando  et  al.  2002).  Mutations  in  human  VHL,  PHDs  and 
FIH  genes  increase  HIF  activity  (Girgis  et  al.  2012).  Intriguingly,  apart  from  their 
strong  involvement  in  regulating  oxygen  transport,  glucose  metabolism  and  angio- 
genesis under  cellular  oxygen  depletion,  HIFs  also  orchestrate  fibrogenesis  by 
inducing  the  expression  of  extracellular  matrix  (ECM)-modifying  factors  (i.e. 
TIMP-1,  PAI-1),  connective  tissue  growth  factor  and  lysyl  oxidase  genes  (Higgins 
et  al.  2004;  Higgins  et  al.  2007;  Tzouvelekis  et  al.  2007;  Halberg  et  al.  2009).  Scar 
formation  may  further  restrict  blood  supply  and  oxygen  availability,  spawning  a 
pathological  cycle.  It  is  this  triangulation  between  hypoxia,  fibrosis  and  angiogen- 
esis that  may  underpin  the  likelihood  of  pathogenesis  as  adipose  tissues  expand 
under  chronic  caloric  excess. 


12.1.2    The  Adipose  Tissue  Hypoxia  Hypothesis;  a  Central 
Cause  of  Tissue  Dysfunction  in  Obesity? 

Excessive  expansion  of  adipose  tissue  could  lead  to  hypoxia.  Indeed  there  is  a  dra- 
matic reduction  of  70  %  (from  47.9  to  15.2  mmHg)  in  interstitial  P02  in  epididymal 
adipose  in  obese  mouse  models  (Ye  et  al.  2007).  Poor  adipose  oxygenation  has  been 
also  observed  in  obese  humans  (Kabon  et  al.  2004;  Pasarica  et  al.  2009),  who  show 
15  %  lower  p02  than  normal  weight  individuals  (55  ±9  vs.  47  ±11  mmHg)  in 
abdominal  subcutaneous  fat  (Pasarica  et  al.  2009).  Hypoxia  has  been  proposed  to 
mediate  macrophage  infiltration,  impaired  insulin  signalling  and  fibrosis  with  obe- 
sity, suggesting  is  via  increased  HIF- la  expression  (Trayhurn  and  Wood  2004; 
Hosogai  et  al.  2007;  Ye  et  al.  2007;  Rausch  et  al.  2008;  Yin  et  al.  2009;  Pasarica 
et  al.  2009;  Regazzetti  et  al.  2009;  Halberg  et  al.  2009).  In  vitro  there  is  compelling 
evidence  that  hypoxia  has  profound  effects  on  adipocyte  functions,  inhibiting  adi- 
pogenesis,  stimulating  proangiogenic  responses  such  as  vascular-endothelial  growth 
factor  (VEGF),  ANGPLT4  and  leptin  secretion  and  activating  pro-fibrotic  (colla- 
gens,  matrix  metalloproteinases)  gene  expression  (Tajima  et  al.  2001;  Grosfeld 
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et  al.  2002;  Lolmede  et  al.  2003;  Shimba  et  al.  2004;  Lin  et  al.  2006;  Hosogai  et  al. 
2007;  Ye  et  al.  2007;  Halberg  et  al.  2009;  Mazzati  et  al.  2012).  All  these  studies 
hypothesized  that  excessive  fat  expansion  leads  to  hypoxia  and  activation  of  HIF-la 
and  this  in  turn  triggers  macrophages  to  infiltrate  the  tissue.  Thus  proposing  that  (a) 
induction  of  HIF-la  is  the  direct  effect  of  adipose  hypoxia  and  (b)  that  this  HIF-la 
increase  causes  metabolic  dysfunction,  especially  insulin  resistance.  It  is  important 
to  note  that,  apart  from  tissue  hypoxia  per  se  HIF-la  can  be  regulated  (stabilized) 
by  other  pathway(s),  notably  by  inflammatory  cytokines  (Haddad  and  Land  2001; 
Yung  et  al.  2003)  and  insulin  (Feldser  et  al.  1999;  Treins  et  al.  2002;  He  et  al.  201 1) 
which  are  both  hallmarks  of  a  dysfunctional  adipose  in  obesity,  making  the  cause- 
and-effect  and  the  time  of  these  dynamic  cellular  processes  difficult  to  dissect. 


12.1.3    Modulation  of  Adipose  HIF -System  in  Mice 

The  next  key  question  is  whether  or  not  HIF-la  induction  per  se  leads  to  adipose 
tissue  pathology  and  its  metabolic  consequences.  Recently,  this  has  been  addressed 
directly  by  manipulating  HIF  in  adipose  tissue.  This  has  provided  interesting  find- 
ings but  with  some  critical  inconsistencies  between  studies  that  complicate  under- 
standing. A  summary  of  the  mouse  models  used  to  date  can  be  found  in  Table  12.1. 
The  first  study  published  used  an  adipose-specific  HIF-  la  transgenic  over-expression 
approach.  This  study  reported  that  stabilization  of  HIF-la  increases  body  weight 
under  basal  conditions  and  with  DIO,  with  hypertrophic  subcutaneous  adipocytes. 
The  transgene  caused  glucose  intolerance  and  macrophage  infiltration  (Halberg 
et  al.  2009),  suggesting  that  increased  HIF-la  in  adipose  tissue  in  obese  mouse 
models  might  play  a  pathogenic  role.  A  key  finding  was  that  activation  of  HIF-la 
failed  to  induce  the  expected  proangiogenic  response  in  adipose  tissue,  overturning 
the  common  view  that  hypoxia  induces  angiogenesis  through  HIF-la.  In  contrast, 
HIF-la  over-expression  led  to  collagen  deposition,  up-regulation  of  a  number  of 
pro-fibrotic  genes  and  subsequent  fibrosis  by  directly  interacting  with  the  major  col- 
lagen I  and  III  crosslinking  molecule  lysyl  oxidase  (Halberg  et  al.  2009).  A  series  of 
subsequent  studies  used  adipose-specific  HIF  knockout  models  to  investigate  if 
deletion  of  HIF  has  a  protective  effect  in  DIO.  Indeed,  both  HIF-la  and  HIF-ip 
(ARNT)  deletion  in  adipocytes  (using  the  ap2  [fabp4]  promoter-driven  ere  to  pro- 
duce adipose  knock-down  of  'floxed'  gene  targets)  protected  mice  from  DIO  (Jiang 
et  al.  201 1 ;  Lee  et  al.  201 1 ;  Krishnan  et  al.  2012).  All  models  displayed  reduced  fat 
mass  and  adipocyte  size,  increased  adipose  mitochondrial  biogenesis,  increased 
energy  expenditure,  with  improved  glucose  tolerance  and  insulin  sensitivity  (Jiang 
et  al.  2011;  Lee  et  al.  2011;  Krishnan  et  al.  2012).  In  contrast,  another  model  of 
adipose  tissue  HIF-la  suppression,  expression  of  a  dominant  negative  human 
HIF-la  (also  under  the  ap2  promoter),  produced  the  opposite  phenotype  of  obesity 
susceptibility,  with  all  its  attendant  downstream  metabolic  abnormalities,  mainly 
due  to  loss  of  thermogenic  capacity  in  brown  adipose  tissue  (BAT)  (Zhang  et  al. 
2010a,  b).  Adipose- VHL  deletion  (allowing  unfettered  activation  of  HIF)  led  to 
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brain  haemorrhage  and  lethality,  due  to  'ectopic'  ap2-cre  expression  in  the  CNS 
during  development  (Zhang  et  al.  2012).  With  all  the  limitations  of  the  transgenic 
mouse  models  used  and  especially  the  use  of  ap2  (Fabp4)-cre  as  an  'adipose' -specific 
promoter  (which  may  also  delete  'floxed'  gene  targets  in  activated  macrophages  and 
cells  of  the  developing  CNS),  it  can  be  tentatively  inferred  that  inactivation  of 
HIF-loc  in  adipocytes  may  have  beneficial  effects  in  DIO,  particularly  upon  glucose 
homeostasis  and  fat  mass  regulation.  Intriguingly,  a  role  of  HIF  in  the  central  (brain) 
regulation  of  metabolism  has  been  highlighted.  Firstly,  the  FIH  KO  (HIF  activation) 
mouse  showed  a  hyper-metabolic  phenotype  with  increased  food  intake,  energy 
expenditure,  high  ventilation  rate,  reduced  fat  mass  accumulation  and  improved 
insulin  sensitivity,  both  basally  and  with  DIO  (Zhang  et  al.  2010a,  b).  Most  of  the 
hyper-metabolic  phenotype  features  were  recapitulated  in  a  neuron- specific  FIH 
deletion  (Zhang  et  al.  2010a,  b).  Though  from  this  model  it  is  not  robust  to  conclude 
a  direct  role  of  HIF  in  the  CNS,  since  FIH  was  deleted  from  all  neurons  and  FIH  not 
only  regulates  HIF-oc  but  other  proteins  too  (Coleman  et  al.  2007;  Ferguson  et  al. 
2007;  Cockman  et  al.  2009;  Wilkins  et  al.  2009),  Zhang  et  al.  (2012)  more-specifically 
deleted  HIF-lp  in  neurons  expressing  proopiomelanocortin  (POMC),  a  key  neuro- 
peptide expressed  in  hypothalamic  (arcuate  nucleus)  neurons  involved  in  suppres- 
sion of  food  intake.  The  resultant  mice  were  hyperphagic,  had  increased  fat  mass 
accumulation  and  exacerbated  downstream  metabolic  abnormalities  when  fed  a 
high  fat  diet.  Finally,  lentiviral  delivery  of  HIF-oc  directly  to  the  hypothalamus  pro- 
tects against  DIO  (Zhang  et  al.  2010a,  b).  Additionally,  this  study  revealed  a  novel 
role  of  HIF  in  directly  acting  as  a  glucose  sensor  in  the  brain  (Zhang  et  al.  2010a,  b). 
Taken  together,  these  studies  clearly  show  an  important  role  of  the  HIF  system  in 
energy  balance  and  adipose  function,  but  also  reveal  a  complexity  of  loci  involved 
and  interrelationships  that  are  far  from  resolved.  Even  the  proposed  canonical  rela- 
tionship between  adipose  tissue  hypoxia  and  local  induction  of  HIF-oc  to  restore 
vascular  supply  is  inconsistent.  The  interplay  between  HIF  in  adipocytes  and  brain 
in  the  regulation  of  body  fat  requires  further  understanding. 


12.2    Adipose  Tissue  Hypoxia  and  Angiogenesis. 
DO  HIFs  MATTER? 

Healthy  adipose  tissue  growth  requires  a  coordinated  expansion  of  its  vascular  net- 
work (Hausman  and  Richardson  2004).  Adipose  tissue  is  normally  well- vascularized 
and  almost  all  adipocytes  are  directly  supported  by  capillaries  that  provide  the  oxy- 
gen, nutrients,  hormones  and  growth  factors  required  for  function  and,  presumably, 
healthy  expansion  under  short- to-medium  term  caloric  excess  (Cao  2010).  In  obe- 
sity, adipose  mass  increases  but  there  is  often  an  inadequate  vascular  network,  as 
detailed  above.  The  mechanisms  behind  the  fine  balance  between  adipogenesis  and 
angiogenesis  and  its  failure  in  some  obesity  are  not  well  understood.  Additionally, 
adipocytes  are  organized  in  a  network  of  ECM  that  provides  mechanical  support 
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and  mediates  remodelling  of  the  tissue  during  expansion  or  reduction  of  fat  mass 
(Sun  et  al.  201 1).  During  accelerated  fat  expansion  in  obesity,  ECM  components  are 
up-regulated  leading  to  collagen  deposition,  fibrosis  and  subsequent  reduced  plas- 
ticity and  metabolic  dysfunction  in  adipose  (Kahn  et  al.  2009;  O'Hara  et  al.  2009). 
The  issue  of  adipose  hypoxia  and  angiogenesis  is  a  'chicken  and  egg'  question.  Is  it 
hypoxia  that  drives  angiogenesis  as  an  adaptive  mechanism  which  may  be  inade- 
quate for  the  metabolic  needs  of  obese  adipose  cells,  or  is  it  failure  of  vascular 
remodelling  during  expansion  that  leads  to  hypoxia  and  fibrosis,  or  both? 

12.2.1    Adipose  Depot-Specific  Responses  to  Hypoxia-Induced 
Angiogenesis 

Adipose  tissue  from  distinct  anatomical  sites  (subcutaneous,  visceral,  BAT)  exhibits 
different  degrees  of  hypoxia  under  basal  or  obesogenic  conditions.  We  and  others 
have  shown  that  visceral  adipose  tissue,  the  intraabdominal  depots  which  drain  via 
the  hepatic  portal  vein  directly  to  the  liver  and  are  conventionally  associated  with 
metabolic  disease  risk,  is  more  hypoxic  than  subcutaneous  (peripheral)  adipose  tis- 
sues, which  are  believed  to  reflect  'safer'  more  metabolically  benign  stores  for 
excess  calories  (Michailidou  et  al.  2012;  Farb  et  al.  2012).  The  inhomogeneity  of 
adipose  tissue  oxygenation  even  under  basal  conditions  suggests  differences  in  vas- 
cularization. Indeed  human  subcutaneous  adipose  has  higher  capillary  density  com- 
pared to  visceral  adipose  (Gealekman  et  al.  2011;  Villaret  et  al.  2010).  Moreover, 
visceral  adipose  expression  of  proinflammatory,  oxidative  stress-related,  hypoxia- 
induced  genes  is  much  higher  (O'Rourke  et  al.  2009,  2011;  Farb  et  al.  2012),  sug- 
gesting that  the  visceral  adipose  microenvironment  may  be  intrinsically  more  'toxic' 
to  surrounding  micro  vessels  (Farb  et  al.  2012)  and  that  individuals  prone  to  visceral 
fat  accumulation  are  at  higher  risk  of  hypoxia-induced  metabolic  dysfunction.  WAT 
and  BAT  synthesize  and  release  numerous  proangiogenic  factors  and  adipokines 
that  stimulate  neovascularization  and  adipose/vasculature  remodelling  (Cao  2007). 
One  of  the  key  families  of  angiogenic  factors,  VEGF,  plays  a  crucial  role  in  the 
regulation  of  angiogenesis  and  vascular  remodelling  in  many  tissues  under  physio- 
logical and  pathological  conditions  (Dvorak  et  al.  1995;  Ferrara  et  al.  1996; 
Carmeliet  2000;  Carmeliet  and  Collen  2000).  However,  despite  its  apparently  con- 
siderable proangiogenic  ability,  many  rapidly  expanding  WAT  depots  develop 
hypoxia.  On  the  other  hand,  BAT  is  particularly  highly  vascularized,  a  feature  that 
supports  its  main  role  in  thermogenesis,  a  function  that  requires  a  high  rate  of  blood 
perfusion  to  supply  oxygen  and  convey  the  release  of  heat  to  the  body  (Cao  2007). 
However,  even  brown  adipose  becomes  hypoxic  during  thermogenesis  (Foster  and 
Frydman  1978).  Xue  et  al.  (2009),  using  cold  as  a  stimulator  of  thermogenesis, 
showed  that  adipose  tissues  (white  and  brown)  developed  hypoxia  (increased 
HIF-2a  expression  and  intense  hypoxyprobe  staining)  and  exhibited  a  marked 
increase  in  vascularization.  What  is  interesting  is  that  the  neovascularization  was 
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not  hypoxia-dependent.  Rather  it  was  attributed  to  cold  directly  inducing  the 
sympathetic  innervation  of  adipose  tissues  and  thus  stimulating  uncoupling  protein 
(UCP-1)  and  up-regulating  VEGF  expression  via  PGC-loc  (Xue  et  al.  2009).  These 
authors  further  showed  that  in  UCP-1  KO  mice  there  was  still  active  angiogenesis 
but  no  hypoxia  in  adipose  tissues  during  cold  exposure,  indicating  angiogenesis  was 
not  caused  by  hypoxia  via  the  classical  HIF-mediated  induction  of  VEGF  gene 
expression  (Xue  et  al.  2009).  Yet  again  adipose  tissue  responses  to  hypoxic  chal- 
lenge, in  this  case  their  angiogenic  responses,  appear  at  least  in  part  independent  of 
classical  HIF-a. 


12.2.2    Is  Adipose  Tissue  Angiogenesis  HIF -Dependent? 

Given  the  canonical  pathway  of  hypoxia- stimulated  angiogenesis  acting  via  activa- 
tion of  HIF-la,  it  is  intriguing  that  most  studies  to  date  (Table  12.1)  provide  limited 
information  regarding  the  effects  of  HIF  on  adipose  vasculature  in  obesity.  Three 
studies  have  looked  at  the  adipose  vasculature  under  adipose-specific  HIF  manipu- 
lation and  showed  unaffected  vessel  density  in  WATs  (Halberg  et  al.  2009;  Zhang 
et  al.  2010a,  b;  Lee  et  al.  2011).  Adipose  HIF-P  ablation  (and  thus  inactivation  of 
HIF-a)  led  to  reduced  VEGF- A  expression  and  vascular  permeability  (measured  by 
extravasation  of  Eva's  Blue  dye)  (Lee  et  al.  201 1).  On  the  other  hand,  the  effects  of 
a  dominant  negative  HIF-la  reduced  VEGF- A  and  angiogenesis  was  only  apparent 
in  brown  adipose  (Zhang  et  al.  2010a,  b).  These  were  all  subtle  effects  on  the  adi- 
pose vasculature  and  certainly  not  consistent  throughout  the  models  used.  It  is  clear 
that  there  is  a  need  for  the  design  of  more  specific  studies  that  target  the  adipose 
vasculature  to  dissect  whether  or  not  HIF  plays  a  direct  role  in  stimulating  adipose 
angiogenesis.  From  limited  data  so  far  it  is  suggested  that  angiogenesis  during  adi- 
pose expansion  can  develop  with  or  without  HIF  activation. 

Recent  studies  have  focused  on  investigating  if  inducing  angiogenesis  in  adipose 
tissue  has  any  beneficial  effects  in  terms  of  reducing  hypoxia  and  metabolic  abnor- 
malities. Indeed,  transgenic  over-expression  of  VEGF- A  in  adipose  tissue  (either 
using  the  adiponectin  or  ap2  promoters)  leads  to  higher  vessel  density,  reduced 
hypoxic  areas,  with  lower  HIF-la  levels,  reduced  fibrosis  and  ECM  accumulation, 
reduced  local  and  systemic  inflammation,  improved  glucose  tolerance  and  insulin 
sensitivity  and  more  efficient  lipid  clearance  (Sun  et  al.  2012;  Elias  et  al.  2012). 
Furthermore,  adipose-specific  VEGF-A  over-expression  led  to  up-regulation  of 
UCP-1  and  PGC-la,  and  thus  improvement  of  thermogenic  capacity  (Sun  et  al. 
2012;  Elias  et  al.  2012).  These  studies  showed  that  by  improving  the  angiogenic 
potential  adipose  hypoxia  could  be  ameliorated  during  DIO.  Interestingly  Sun  et  al. 
(2012)  suggested  that  the  benefits  of  manipulating  the  adipose  tissue  angiogenic 
potential  are  context-  and  time-dependent,  with  induction  of  proangiogenic 
responses  being  advantageous  at  the  early  stages  of  adipose  expansion  in  DIO  (Sun 
et  al.  2012).  In  a  recent  study  we  took  a  different  approach  to  understand  the  interac- 
tion between  hypoxia  and  angiogenesis  in  adipose.  Glucocorticoids  (Cortisol, 
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corticosterone)  are  key  metabolic-control  hormones  that  increase  glucose  and  lipid 
levels  in  blood  via  actions  in  liver,  pancreas,  muscle  and,  particularly,  adipose  tis- 
sues. Chronic  excess  circulating  glucocorticoids  (Cushing's  syndrome)  is  a  classical 
cause  of  abdominal  and  truncal  obesity  and  metabolic  disease  (insulin  resistance, 
type  2  diabetes  mellitus,  dyslipidaemia,  atherosclerosis).  Glucocorticoids  are  also 
potently  anti-angiogenic,  inhibiting  VEGF-A  (Nauk  et  al.  1998;  Leonard  et  al. 
2005).  Glucocorticoid  action  on  target  cells  is  determined  by  the  density  of  intracel- 
lular (nuclear)  receptors  for  the  steroids  and  by  pre-receptor  metabolism,  notably  by 
1 1  p-hydroxy steroid  dehydrogenases  (lip-HSDs).  lip-HSDl  is  the  isoform 
expressed  in  metabolic  tissues,  notably  adipose  tissue.  This  catalyses  the  intracel- 
lular regeneration  of  active  Cortisol  and  corticosterone  from  inert  11-keto  forms 
(cortisone,  1 1-dehydrocorticosterone).  We  used  a  well-established  model  of  'healthy' 
adipose  tissue  that  resists  metabolic  dysfunction  when  challenged  with  high  fat  diet, 
the  lip-HSDl  -deficient  mouse.  This  primarily  lacks  local  cellular  glucocorticoid 
reamplification  in  cells  including  adipocytes  (Morton  et  al.  2004;  Wamil  et  al.  201 1). 
Crucially,  this  model  of  intra- adipose  glucocorticoid  deficiency  allows  'healthy'  fat 
expansion  and  is  highly  permissive  of  adipose  angiogenesis  (Michailidou  et  al. 
2012) — as  it  is  of  angiogenesis  in  other  hypoxic  vascular  territories  such  as  the 
infarcted  myocardium  (Small  et  al.  2005).  The  maintenance  of  adipose  vasculature 
during  DIO  in  the  lip-HSDl -deficient  mouse  prevented  severe  adipose  hypoxia, 
reduced  adipose  HIF-la  levels  and  attenuated  collagen  deposition  and  fibrosis. 
Moreover,  the  adipose  stroma  cells  had  basally  higher  levels  of  the  key  angiogenic 
factors,  VEGF-A  and  angiopoetin-like-protein-4,  and  hypoxic  stimulation  led  to  a 
profound  up-regulation  of  these  factors  in  lip-HSDl  -deficient  cells  (Michailidou 
et  al.  2012).  These  changes  plausibly  explain  the  healthier  metabolic  profile  of 
lip-HSDl -deficient  adipose  tissues  during  DIO.  Overall,  the  evidence  so  far  is  lim- 
ited to  support  a  direct  and  consistent  link  between  HIF- la-mediated  angiogenesis  in 
adipose  tissue  during  fat  expansion  at  least  when  HIF  is  manipulated  in  adipocytes. 
A  HIF-independent  regulation  of  VEGF-A  and  downstream  angiogenic  responses 
have  been  shown  in  other  tissues  (muscle  and  brain)  and  suggested  to  be  mediated 
through  the  PPAR-y  co-activator  PGC-loc  (Arany  et  al.  2008;  Ndubuizu  et  al.  2010). 
However,  what  remains  to  be  seen  is  if  the  effect  of  hypoxia  and  HIF  manipulation 
specifically  in  non-adipocyte  cells  during  DIO  will  provide  a  different  picture. 

12.23    Hypoxia-Dependent  AT  Vascular  Remodelling 
in  Non-adipocyte  Cells 

The  scope  of  this  chapter  was  to  mainly  focus  on  the  adipocyte  as  the  central  cell 
affected/contributing  to  hypoxia  and  angiogenesis  during  obesity.  Human  and 
mouse  derived  adipose  stromal  cells  (ASC)  have  higher  proangiogenic  gene  expres- 
sion (Rahman  et  al.  2004;  Villaret  et  al.  2010).  Moreover  hypoxia  treatment  of 
ASCs  further  induces  VEGF-A  expression  and  stimulates  endothelial  cell  growth 
and  tube-like  formation  in  co-culture  experiments  (Rahman  et  al.  2004;  Cao  et  al. 
2005;  Maumus  et  al.  2008;  Amos  et  al.  2011). 
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In  obesity,  adipose  tissues  are  in  a  state  of  chronic  inflammation.  The  recruitment 
of  bone-marrow-derived  cells  (a  heterogeneous  population  containing  endothelial, 
pericyte  and  hematopoietic  lineage  progenitors)  (Ahan  and  Brown  2009)  might  also 
contribute  to  vessel  formation  and  maturation.  Apart  from  the  key  player  of  proan- 
giogenic  responses  and  vessel  formation,  the  endothelial  cell,  there  is  a  large  body 
of  evidence  that  macrophages  are  active  players  during  vessel  formation  and  that 
hypoxia  induces  a  proangiogenic  profile  of  macrophage  gene  expression  (Lewis 
et  al.  2007;  Ye  et  al.  2007;  Bourlier  et  al.  2012).  Adipose  tissue  macrophages  are  the 
major  source  of  the  angiogenic  growth  factor,  platelet-derived  growth  factor 
(PDGF),  that  stimulates  endothelial  tube-like  formation.  Its  expression  is  highly 
regulated  by  hypoxia  (Pang  et  al.  2008).  Loss  of  VEGF  in  myeloid  cells  causes 
excessive  collagen  deposition  and  severe  fibrosis  suggesting  that  inflammatory  cell- 
derived  VEGF  is  required  for  vascular  remodelling  (Stockman  et  al.  2010). 


alleviation  of  <trjm  Jien;  Lmmni^cnt  ihvpo\ia 
"healthier"  AT  expansion  &  metabolic  profile 

Fig.  12.1  A  unified  model  of  the  potential  role  of  adipose  hypoxia  on  the  vasculature  during  fat 
mass  expansion.  From  left  to  right  (a):  the  hypothesis  of  hypoxia  as  a  direct  cause  of  macrophage 
infiltration,  adipose  fibrosis  and  failure  of  vascular  remodelling  during  adipose  expansion. 
Excessive  rapid  fat  mass  accumulation  limits  oxygen  availability  (and  activates  HIF-loc);  this  trig- 
gers macrophages  to  infiltrate  the  tissue  initiating  along  with  hypertrophied  adipocytes  a  pro- 
fibrotic  signalling  cascade  leading  to  severe  fibrosis  and  metabolically  dysfunctional  adipose. 
From  left  down  (b):  a  hypothesis  of  healthy  fat  expandability  due  to  the  ability  of  adipose  tissue  to 
adapt  and  cope  during  growth.  This  requires  the  central  angiogenic  factor  VEGF-A  for  the  initia- 
tion of  the  angiogenic  'machinery'  and  functional  vessel  formation  which  is  key  to  adipose/vascu- 
lature  remodelling  and  requires  the  fine  orchestration  of  the  adipocyte  and  cells  from  the  stroma 
(macrophages,  endothelial  cells  and  progenitors).  In  this  model  AT  is  alleviated  from  hypoxia, 
inflammation  and  severe  fibrosis  thus  leading  to  a  healthier  metabolic  profile.  The  direct  role  of  the 
HIF- system  in  this  model  requires  further  investigation 
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Interestingly,  macrophages  from  distinct  anatomical  fat  depots  show  different  phe- 
notypes.  Macrophages  from  subcutaneous  adipose  tissue  acquire  a  pro-fibrotic  pro- 
file with  increased  TGFp  expression,  whereas  visceral  adipose-derived  macrophages 
switch  to  a  proangiogenic  profile  during  obesity  and  hypoxia  stimulation  (Bourlier 
et  al.  2012).  Loss  of  HIF-la  in  myeloid  cells  causes  a  depletion  in  the  ATP  cellular 
pool,  impairment  of  myeloid  cell  motility  and  infiltration  in  models  of  experimental 
arthritis  and  TPA-induced  ear  inflammation  (Cramer  et  al.  2003).  What  remains  to 
be  seen  is  whether  macrophage  HIF-loss  in  an  obesogenic  setting  affects  vascular 
remodelling  during  adipose  expansion.  Thus  the  complexity  of  the  adipose  micro- 
enviroment  is  apparent.  The  effects  of  non-adipocyte  cell  populations  (macro- 
phages, endothelial  cells)  in  adipose  depots  and  their  responses  to  changes  in 
oxygen  tension  during  fat  expansion  and  the  crosstalk  with  adipocytes  require  fur- 
ther exploration.  A  working  model  of  how  these  cells  and  their  functions  could  be 
interlinked  is  presented  in  Fig.  12.1. 


12.3  Conclusions 

Accelerated  fat  mass  expansion  during  obesity  requires  the  fine  orchestration  of 
adipose  tissue  components  including  different  cell  types,  the  ECM  network,  vessel 
formation  and  oxygen  level  maintenance.  Fine  tuning  of  oxygen  levels  during 
expansion  are  fundamental  for  the  maintenance  of  a  functional  adipose  and  down- 
stream whole  body  metabolic  health.  Different  cell  types  respond  differently  to 
changes  in  oxygen  tension.  We  are  just  beginning  to  understand  some  of  the  com- 
plex events  that  take  place  during  rapid  adipose  tissue  expansion. 
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Chapter  13 

Adipose  Angiogenesis  Models  in  Animals 
and  Methodology 


Jennifer  Honek,  Sharon  Lim,  and  Yihai  Cao 


Abstract  Adipose  tissue  angiogenesis  plays  a  crucial  role  in  the  organism  as  blood 
vessels  are  required  to  supply  nutrients  and  oxygen  to  the  adipose  tissue  and  to 
remove  metabolic  waste  products.  Both  adipose  depots,  the  lipid-storing  white  adi- 
pose tissue  (WAT)  and  the  metabolically  active  brown  adipose  tissue  (BAT)  are 
highly  vascularized.  In  this  chapter,  we  describe  the  morphology  and  physiological 
implications  of  WAT  and  BAT  as  well  as  the  role  of  adipose  tissue  angiogenesis 
during  development  and  its  importance  regarding  the  expansion  of  adipose  tissue 
under  physiological  conditions  or  in  the  development  of  obesity  and  obesity -related 
metabolic  disorders.  We  also  evaluate  potential  therapeutic  implications  of  WAT  to 
brown-like  adipose  tissue  transformation,  approaches  to  use  adipose  tissue  trans- 
plantation for  therapeutic  purposes,  as  well  as  different  genetic  models  to  study 
adipose  angiogenesis. 
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13.1    Angiogenesis  and  Vasculogenesis  in  Developing 
Embryos 

13.1.1    Role  of  Adipose  Tissue  in  Fetal  Development 

Observations  on  the  intimate  interactions  between  the  growth  of  blood  vessels  and 
adipose  tissue  were  initially  documented  in  the  1870s.  The  Swiss  scientist  Toldt 
reported  the  spatial  and  temporal  role  of  adipose  tissue  and  vascularization.  The 
spatio-temporal  relation  of  adipocyte  and  vascularization  begins  in  the  fetus  and 
persists  through  adulthood  (Hausman  et  al.  1982).  Studies  on  the  development  of 
microvasculature  in  adipose  tissues  demonstrate  that  angiogenesis  precedes  adipo- 
genesis.  Several  studies  have  demonstrated  the  close  relation  between  well-defined 
vessels  which  further  support  adipose  tissue  growth  (Scroyen  et  al.  2010;  Christiaens 
and  Lijnen  2010;  Hausman  and  Richardson  2004). 


13.1.2    Distribution  of  Adipose  Tissue  in  Fetus  and  Adulthood 

The  appearance  of  adipose  tissue  occurs  around  mid-gestation;  both  size  and  amount 
of  adipose  depots  continue  to  increase  throughout  late  gestation  (Symonds  et  al. 
2012).  Adipose  tissue  can  be  categorized  into  two  types,  white  adipose  tissue  (WAT) 
and  brown  adipose  tissue  (BAT).  WAT  is  the  predominant  fat  depot  in  the  body 
where  each  adipocyte  has  a  large  unilocular  lipid  droplet  which  stores  energy  in  the 
form  of  triglycerides.  Its  counterpart,  the  BAT,  is  essential  for  thermogenic  activity 
in  the  newborn.  BAT  is  mainly  essential  for  energy  metabolism  and  therefore  has 
significantly  higher  density  of  blood  vessels  to  provide  efficient  blood  perfusion  to 
supply  nutrients,  oxygen,  and  the  removal  of  waste  products  (Hausman  et  al.  1984). 
It  has  been  reported  that  the  distribution  and  amount  of  BAT  in  a  newborn  is  influ- 
enced by  the  maternal  diet.  The  growth  of  BAT  during  gestation  is  largely  depen- 
dent on  the  maternal  glucose  source  and  the  amount  of  BAT  significantly  decreases 
after  birth  in  newborn.  The  development  and  accumulation  of  different  types  of 
adipose  tissues  during  neonatal  development  can  highly  influence  the  occurrence  of 
several  metabolic  diseases  in  later  life  such  as  impairment  of  glucose  regulation, 
dyslipidemia,  fatty  liver  disease,  and  low  grade  inflammation  (Cali  and  Caprio 
2008).  Unlike  WAT,  which  mainly  stores  excess  fat  in  the  form  of  triglycerides, 
BAT  contains  a  unique  uncoupling  protein  1  (UCP1)  in  the  mitochondria  which  dis- 
sipates heat  by  non-shivering  thermogenesis  (NST).  It  has  been  reported  that  the 
BAT  is  able  to  produce  300  W/kg  of  heat,  significantly  higher  than  other  tissues  in 
the  body  (1  W/kg)  (Symonds  et  al.  2012).  BAT  has  been  well-recognized  to  be 
metabolically  active  in  small  rodents;  however,  the  metabolic  activity  of  BAT  in 
adult  human  has  only  recently  been  observed  (Cypess  et  al.  2009;  van  Marken 
Lichtenbelt  et  al.  2009;  Virtanen  et  al.  2009).  On  average  an  adult  human  has 
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approximately  40-50  g  of  BAT  in  the  supraclavicular  region  and  "full  activation"  of 
the  entire  BAT  would  be  able  to  burn  up  to  4  kg  of  WAT  per  year  (van  Marken 
Lichtenbelt  et  al.  2009).  The  distribution  of  BAT  in  rodents  is  mainly  located  in  the 
interscapular  region  and  retains  UCP1  expression  throughout  the  adult  life.  In  the 
past  decades,  it  has  come  to  consensus  that  another  category  of  adipose  tissue  exist, 
i.e.,  the  brown-like  adipose  tissue  (BRITE)  which  acquires  both  characteristics  of 
the  BAT  and  the  WAT.  The  ability  to  stimulate  or  activate  the  transition  of  WAT  to 
BRITE  has  increasingly  gained  interest  due  to  the  metabolic  activity  of  BAT  (see 
Sect.  13.3).  If  these  BRITE  depots  are  able  to  burn  as  much  energy  as  the  BAT,  this 
could  become  a  possible  therapeutic  approach  for  the  treatment  of  obesity  and 
obesity-related  metabolic  diseases. 

13.1.3    Spatio-Temporal  Relation  Between  Angiogenesis 
and  Adipose  Tissue 

Angiogenesis  is  the  growth  of  new  capillaries  from  preexisting  vessels  and  this 
process  is  critical  for  many  physiological  processes  including  tissue  growth,  expan- 
sion, and  repair.  Angiogenesis  is  known  to  be  a  crucial  player  in  adipogenesis  (Cao 
2007;  Lijnen  2008).  Apart  from  adipocytes,  the  adipose  tissue  consists  non- 
adipocytes  structures  including  the  stromal  vascular  cells,  fibroblastic  connective 
tissues,  infiltrating  inflammatory  cells  (leukocytes,  monocytes,  macrophages),  mast 
cells,  preadipocytes,  pericytes,  endothelial  cells,  and  stem  cells.  Over  the  years,  the 
adipose  tissue  has  been  recognized  as  one  of  the  major  endocrine  organs  that 
secretes  a  myriad  of  adipokines  that  stimulates  or  inhibits  angiogenesis,  e.g.,  tumor 
necrosis  factor- alpha  (TNF-oc),  angiopoietins  (Ang),  vascular  endothelial  growth 
factor- A  (VEGF-A),  fibroblast  growth  factor  (FGF),  hepatocyte  growth  factor 
(HGF),  leptin,  adiponectin,  peroxisome  proliferator- activated  receptor-gamma 
(PPAR-y),  adiponectin,  and  visfatin  (Fig.  13.1).  VEGF  is  the  most  well-characterized 
endothelial  cell  growth  factor  that  stimulates  vasculogenesis  and  angiogenesis. 
VEGF  family  consists  of  VEGF-A,  VEGF-B,  VEGF-C,  VEGF-D,  and  placental 
growth  factor  (P1GF).  The  VEGF  gene  encodes  VEGF-A12i.2o6  by  alternative  splicing. 
All  the  different  isoforms  of  VEGF  binds  to  common  tyrosine  kinase  receptors, 
VEGF  receptor- 1,  -2,  and  -3  (VEGFR-l/Flt-1,  VEGFR-2/Flk-  1/KDR,  VEGFR-3). 
VEGF-A  is  the  major  signaling  factor  which  binds  to  both  VEGFR-l/Flt-1  and 
VEGFR-2/Flk- 1/KDR  on  the  cell  surface  thus  triggering  downstream  signaling  cas- 
cade stimulating  endothelial  cell  proliferation,  survival,  and  cell  migration 
(Fig.  13.2).  Although  VEGFR-1  has  tenfold  higher  binding  affinity  to  VEGF-A  as 
compared  to  VEGFR-2,  VEGFR-2  has  a  much  stronger  VEGF-A-induced  kinase 
activity.  VEGF-A  is  essential  for  the  initiation  and  formation  of  immature  vessels  in 
embryonic  vessels  development.  The  expression  of  VEGF  is  influenced  by  hypoxia 
and  insulin,  growth  factors,  and  other  cytokines.  Adipokine-derived  cytokines 
such  as  leptin  and  insulin  play  an  intrinsic  role  in  regulating  glucose  homeostasis. 
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Fig.  13.1  Adipokines  that  modulate  angiogenesis.  Adipocytes  and  non-adipocyte  cell  population 
in  the  adipose  tissue  including  stromal  cells,  inflammatory  cells  that  produce  a  multiple  angiogenic 
factors,  and  inhibitors  that  regulate  adipose  angiogenesis 


It  has  been  shown  that  insulin,  a  cytokine  secreted  specifically  by  the  adipocytes, 
also  influenced  the  expression  of  VEGF.  On  the  other  hand,  leptin  and  glucocorti- 
coid do  not  affect  VEGF  expression  (Mick  et  al.  2002;  Zhang  et  al.  1997).  Leptin 
has  been  described  to  play  a  key  role  in  controlling  appetite,  energy  expenditure, 
sympathetic  nervous  system  activation,  and  thermogenesis. 
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Fig.  13.2  Vascular  endothelial  growth  factor  (VEGF)  family.  VEGF  family  of  proteins  consist  of 
5  members,  VEGF-A,  PIGF,  VEGF-B,  VEGF-C,  and  VEGF-D  which  bind  to  their  respective 
extracellular  immunoglobulin  of  three  transmembrane  tyrosine  kinase  receptors  (VEGFR-1,  -2 
and  -3).  Upon  binding  of  VEGF-A  to  VEGFR-2,  downstream  signaling  cascade  is  triggered, 
resulting  in  endothelial  cell  proliferation,  survival,  and  cell  migration 


13.1.4   Models  to  Study  Angiogenesis 

There  are  different  established  models  that  can  be  used  to  study  adipose  tissue  in 
stimulating  angiogenesis  under  physiological  conditions;  these  models  include 
chick  chorioallantoic  membrane  (CAM),  zebrafish,  rabbit  cornea,  and  mouse  models, 
or  under  pathophysiological  conditions  such  as  wound  healing  and  ischemia  model 
(Castellot  et  al.  1982;  Silverman  et  al.  1988).  Several  in  vitro  studies  have  shown 
that  adipocytes  development  is  intrinsically  related  to  capillary  development. 
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13.1.4.1  CAM  Assay 

CAM  is  a  well-recognized  assay  widely  used  to  analyze  pro-  and  anti-angiogenic 
potential  of  growth  factors.  CAM  is  a  highly  vascularized  tissue  of  the  avian  embryo. 
The  usage  of  the  CAM  assays  has  evolved  over  the  years,  from  the  use  of  filter  disk, 
gelated  material  such  as  matrigel  or  sodium  alginate,  gelatin  sponge  to  the  collagen 
onplant  model.  In  this  chapter,  we  will  only  discuss  the  use  of  CAM  collagen 
onplant  model.  Three-dimensional  (3D)  collagen  implants  on  the  CAM  are  more 
robust  which  enables  better  analysis,  imaging,  in  situ  analysis,  and  quantification  of 
cellular  and  biochemical  mechanisms  induced  by  the  factors  compared  to  its  coun- 
terparts. This  method  was  established  by  Dr  Folkman,  where  they  investigated  the 
effect  of  purified  basic  FGF  or  FGF2,  or  tumor  cells  by  incorporating  into  the  col- 
lagen gels  (Nguyen  et  al.  1994).  The  vascular  network  formed  from  the  induction 
could  be  evidently  observed  by  the  appearance  of  significantly  increased  vascular- 
ization. Since  the  CAM  model  measures  the  angiogenesis  during  chick  embryonic 
development,  it  can  thus  be  used  to  investigate  the  influence  of  different  growth 
factors  at  different  time  points  in  development.  At  day  4  or  5,  the  chorioallantois  is 
formed,  where  the  outer  mesodermal  layer  of  the  allantois  fuses  with  the  mesoder- 
mal lining  of  the  chorion  followed  by  the  formation  of  honeycomb  network  of  capil- 
lary plexuses  between  layers  (Zijlstra  et  al.  2004).  The  notion  that  the  adipose  tissue 
produces  various  angiogenic  factors  and  can  therefore  be  used  to  promote  wound 
healing  and  revascularize  ischemic  myocardium  has  been  long  documented.  After  8 
days  of  incubation  at  37.5  °C  and  relative  humidity  of  70  %,  the  central  portion  of 
the  CAM  is  fully  developed  where  grafting  of  different  adipose  depots  on  the  CAM 
becomes  possible.  Angiogenesis  can  be  quantified  between  3  and  5  days  after  layer- 
ing of  adipose  tissue  samples  on  CAM.  The  developing  CAM  vasculature  is  respon- 
sive to  both  pro-angiogenic  and  anti-angiogenic  stimuli  between  days  8  and  12  and, 
therefore,  making  it  possible  to  assess  the  effect  of  angiogenic  stimulators  or  inhibi- 
tors on  the  different  adipose  depots  layered  on  the  CAM  (Ledoux  et  al.  2008).  The 
CAM  assay  once  established  is  easy  to  use  and  less  expensive  compared  to  other 
models.  However,  similar  to  other  models,  there  are  a  few  restrictions  with  the  CAM 
assay.  The  main  limitations  of  CAM  assay  is  that  implantation  may  stimulate  non- 
specific inflammatory  responses  which  induce  secondary  vasoproliferation  thereby 
making  the  quantification  of  vessels  difficult.  To  avoid  inflammatory  response, 
implantation  could  be  made  in  the  early  stages  in  CAM  development  when  the 
host's  immune  system  is  naive  (Ribatti  et  al.  2000). 

13.1.4.2  Cornea  Implantation  Assay 

The  key  advantage  of  the  cornea  implant  assay  is  the  avascular  nature  of  the  cornea 
which  allows  direct  and  easy  quantification  and  assessment  of  neovascularization 
induced  by  the  implants.  However,  this  cornea  implantation  model  requires  skillful 
microsurgery  techniques  under  the  stereomicroscope.  Different  fat  depots,  such  as 
the  omental  and  the  subcutaneous  fat,  can  be  implanted  into  the  avascular  rabbit  or 
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mouse  cornea  to  investigate  the  role  of  different  fat  depots  in  inducing  blood  vessel 
formation.  Briefly,  different  adipose  tissue  depots  dissected  from  rabbits  can  be 
submerged  in  sterile  saline  at  room  temperature  (RT)  until  implantation  or  micrope- 
llets containing  angiogenic  factors  or  adipokines  should  be  thoroughly  mixed  with 
sucralfate  (heparin-binding  slow-release  substance)  and  hydron  in  99.5  %  ethanol 
before  smearing  evenly  on  the  nylon  mesh  (Silverman  et  al.  1988;  Cao  et  al.  2011; 
Kadereit  et  al.  2008).  After  drying  the  embedded  pellet  for  1  h  at  RT,  the  pellet  can 
be  stored  or  directly  implanted  into  the  cornea.  An  intrastromal  linear  keratotomy 
surgical  incision  is  made  in  the  cornea  with  a  surgical  blade  and  a  micropellet  with 
angiogenic  factors  or  adipose  tissue  depots  is  then  inserted  into  the  end  of  the  pocket 
with  a  tissue  needle.  Corneal  angiogenic  response  can  be  readily  observed  5-7  days 
after  implantation.  The  limitation  of  this  assay  is  the  possible  death  of  animals  due 
to  inaccurate  dosages  of  anesthesia  used,  or  the  unsuccessful  operation  due  to  lack 
of  experience. 

13.1.4.3    Zebrafish  Models  to  Study  Adipose  Angiogenesis 

Most  animals  use  WAT  as  a  reserve  for  fat  storage.  C.  elegans  store  fat  in  their  intes- 
tinal epithelial  cells  while  most  vertebrates  store  fat  in  the  mesoderm-derived  WAT 
(Wood  1988).  The  zebrafish  (Danio  rerio),  a  small  tropical  fish,  is  an  important 
vertebrate  model  organism  in  research  due  to  its  relatively  short  generation  time  as 
compared  to  other  laboratory  animals.  Similar  to  mammals,  the  primary  function  of 
adipocytes  in  zebrafish  is  to  store  lipids  and  secrete  cytokines.  Other  cell  types  in 
zebrafish  include  myocytes,  hepatoyctes,  and  chrondrocytes.  Zebrafish  is  a  suitable 
model  for  studying  embryonic  development,  tissue/organ  regeneration,  and  remod- 
eling due  to  the  short  generation  time  and  the  ease  of  manipulation  (Jensen  et  al. 
2009,  201 1).  With  the  morpholino  technology  and  the  transparent  nature  of  zebraf- 
ish, it  is  possible  to  investigate  the  interplay  of  blood  vessels  and  adipocytes  during 
development  using  different  concentrations  of  VEGF  morpholinos  to  compromise 
the  vascular  development  and  to  use  transgenic  reporter  strains  expressing  fluores- 
cent protein  such  as  GFP  to  study  the  distribution  of  adipocytes.  The  embryonic 
period  of  the  zebrafish  ranges  between  0  and  3  days  postfertilization  (dpf),  they 
reach  the  juvenile  stage  approximately  30  dpf,  and  are  fully  developed  into  mature 
adults  by  approximately  3  months  of  age.  In  2010,  Imrie  et  al.  used  the  zebrafish 
model  to  study  the  WAT  development  in  the  relation  to  development  time  and  size 
(Imrie  and  Sadler  2010).  They  demonstrated  that  adipocytes  in  WAT  in  zebrafish 
store  lipid  in  a  unilocular  droplet  and  produce  adipokines  similar  to  mammalian 
adipocytes.  WAT  is  not  found  in  embryos  or  young  larvae  and  the  appearance  of 
WAT  in  the  zebrafish  is  first  found  in  the  pancreas  around  8-15  days  postfertiliza- 
tion (dpf),  followed  by  appearance  of  WAT  in  the  visceral,  subcutaneous,  and  cra- 
nial regions.  Adipocytes  in  the  zebrafish  can  be  visualized  by  Nile  red  staining 
which  identifies  lipid  droplets  (Flynn  et  al.  2009;  Asano  et  al.  1997).  Since  estab- 
lishing of  hypoxia-induced  models  in  mammals  is  a  challenging  task,  the  zebrafish 
provides  a  wonderful  opportunity  to  investigate  the  effect  of  hypoxia  in  adipose 
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tissue.  An  angiogenic  effect  in  the  zebrafish  in  response  to  hypoxia  can  be  easily 
established  by  altering  the  nitrogen  to  oxygen  ratio  in  a  specifically  designed  aquar- 
ium (Lee  et  al.  2009). 

13.1.4.4    Mouse  Model  to  Study  Angiogenesis  and  Adipose  Development 

The  mouse  is  an  ideal  model  organism  to  study  angiogenesis  and  adipose  develop- 
ment due  to  the  genetic  similarity  between  mice  and  humans.  In  addition,  mice  are 
prolific  in  reproduction  bearing  an  average  of  5-10  pups  per  little.  They  are  rela- 
tively small  in  size  and  most  inbred  stains  are  docile  and  easy  to  handle  for  experi- 
mentations. In  this  chapter,  we  will  describe  the  use  of  the  cold  acclimation  model 
in  mouse  to  study  angiogenesis  and  to  investigate  transition  of  WAT  to  acquiring  the 
BRITE  phenotype  (Xue  et  al.  2009).  Vascular  growth  is  tightly  correlated  with  the 
VEGF  expression  level.  In  the  cold  model  for  instance,  acclimation  of  mice  in  cold 
temperature  for  1  h,  rapidly  and  transiently  increases  the  VEGF  expression  in  BAT 
(Asano  et  al.  1997).  Exposure  of  mice  to  cold,  for  as  short  as  1  week,  is  able  to 
transform  WAT  into  acquisition  of  the  BRITE  phenotype.  This  WAT  to  BAT  transi- 
tion in  adipose  tissue  upon  cold  exposure  is  accompanied  by  increased  VEGF 
expression  as  well  as  increased  vascular  density.  Here,  we  will  briefly  describe  the 
methodology  to  perform  the  cold  acclimation  experiment.  One  group  of  mice  should 
be  adapted  at  18  °C  for  at  least  1  week  before  exposure  to  cold  at  4  °C,  and  the  other 
group  of  mice  should  be  acclimated  at  22  °C  before  transferring  them  to  their  ther- 
moneutral  temperature  of  30  °C.  After  1  week  of  acclimation,  transfer  mice  adapted 
at  18-4  °C,  and  mice  adapted  at  22-30  °C.  Mice  can  be  kept  at  4  °C  or  30  °C  for  4-5 
weeks  depending  on  the  experiment  setup  (Xue  et  al.  2009;  Lim  et  al.  2012). 
According  to  Xue  et  al.,  adaptation  of  mice  for  1  week  is  sufficient  to  induce  upreg- 
ulation  of  pro-angiogenic  genes  and  downregulation  of  angiogenic  inhibitors  (Xue 
et  al.  2009).  The  body  composition,  basal  metabolic  rate  (BMR),  and  oxygen  con- 
sumption can  be  measured  using  the  magnetic  resonance  imaging  and  indirect  calo- 
rimeter. The  maximum  capacity  of  BAT  activity  in  mice  can  be  measured  by  the 
stimulation  of  norepinephrine  (NE)  before  measurement  in  the  indirect  calorimeter 
(Petrovic  et  al.  2008).  At  the  end  of  the  metabolic  measurements,  the  different  adi- 
pose depots  can  be  dissected  and  further  stained  with  an  endothelial- specific  pan 
marker,  an  anti-CD31  antibody,  and/or  an  anti-perilipin  antibody,  a  membrane 
marker  for  adipose  tissue  to  investigate  the  number  of  blood  vessels  per  adipocyte. 
This  protocol  enables  one  to  investigate  the  role  of  angiogenesis  in  relation  to  transi- 
tion of  WAT  to  BRITE  phenotype  (see  Sect.  13.3).  The  major  drawbacks  of  this 
assay  are  the  time  needed  to  set  up  cold  and  warm  facilities  in  the  animal  facility, 
and  obtaining  animal  ethical  permits  to  conduct  the  experiment.  Also,  it  might  be 
difficult  to  perform  experiments  in  certain  transgenic  mice  strains  especially  those 
that  are  sensitive  to  cold  exposure.  The  adaptation  time  of  these  mice  might  be  lon- 
ger and  larger  number  of  mice  should  be  used  in  case  of  unexpected  death  of  mice 
during  exposure  to  cold. 
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The  experimental  details  for  the  induction  of  WAT  to  BRITE  transformation  as 
well  as  methodological  details  regarding  the  analysis  of  harvested  tissue  are 
described  in  Sect.  13.3. 


13.2    Expansion  of  Adipose  Tissue  in  Obese  Model 

Unlike  most  other  tissues  in  the  human  body,  the  adipose  tissue  undergoes  expan- 
sion and  regression  throughout  lifetime.  Adipose  tissue  expansion — similar  to 
tumor  growth — is  dependent  on  angiogenesis,  the  sprouting  of  new  blood  vessels 
from  preexisting  vessels  (Rupnick  et  al.  2002).  Neovascularization  of  the  expanding 
adipose  tissue  is  required  for  a  number  of  reasons  which  will  be  elaborated  in  the 
following. 

Each  adipocyte  is  surrounded  by  a  blood  vessel  (Fig.  13.3).  This  spatial  proxim- 
ity makes  it  easy  to  understand  that  there  is  a  close  interplay  between  adipocytes  and 
endothelial  cells.  Adipose  tissue  vasculature  supplies  adipocytes  with  oxygen  and 
nutrients  but  also  plays  an  important  role  in  the  removal  of  metabolic  waste  prod- 
ucts. This  is  especially  important  in  the  metabolically  highly  active  BAT  which  is 
characterized  by  an  immensely  dense  network  of  blood  vessels  as  seen  in  no  other 
organ.  Furthermore,  vessels  supply  the  adipose  tissue  with  cytokines  and  growth 
factors  that  are  enriched  in  the  plasma.  These  factors  are  required  to  maintain  physi- 
ological function  of  the  adipocytes  and  to  sustain  their  growth  and  survival.  They  are 
produced  by  a  variety  of  cell  types  present  in  the  adipose  tissue.  This  heterogeneous 
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Fig.  13.3  Adipose  tissue  vasculature,  (a)  Adipose  vasculature  in  murine  white  adipose  tissue  is 
visualized  by  whole  mount  staining  with  the  endothelial  cell  marker  anti-CD31  antibody  (red). 
Adipocytes  are  visualized  using  an  anti-perilipin  antibody  (blue).  Scale  bar:  50  um.  (b)  In  this 
schematic  representation  of  adipose  tissue  vasculature,  each  fat  cell  (yellow)  is  surrounded  by  a 
blood  vessel  (red) 
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tissue  consists  of  50-85  %  mature  adipocytes  and  other  of  cells,  including  stromal 
cells,  pericytes,  and  inflammatory  cells,  including  neutrophils  and  monocytes 
(Maury  and  Brichard  2010;  Spalding  et  al.  2008).  These  cells  can  easily  invade  the 
adipose  tissue  via  the  vasculature.  Interestingly,  in  obese  individuals,  an  augmented 
number  of  inflammatory  cells  in  the  adipose  tissue  have  been  described,  underlining 
their  importance  in  adipose  tissue  growth  and  expansion.  Apart  from  growth  factors 
produced  by  inflammatory  cells,  activated  endothelial  cells  themselves  produce  a 
number  of  cytokines  and  growth  factors  which — via  paracrine  signaling — promote 
adipose  tissue  growth  (Cao  2007;  Chen  et  al.  2010). 

Another  important  function  of  adipose  tissue  vasculature  includes  the  supply  of 
the  adipose  tissue  with  circulating  stem  cells.  These  cells  can  differentiate  into  pre- 
adipocytes,  adipocytes,  or  endothelial  cells  thereby  facilitating  adipose  tissue 
expansion. 

Taken  together,  these  vascular  functions  are  crucial  for  sustainability  and  also 
expansion  of  adipose  tissue.  Consequently,  in  order  to  cope  with  the  metabolic 
demand  of  expanding  adipose  tissue,  vascular  remodeling  and  an  angiogenic  switch 
are  required  for  neovascularization  (Lijnen  2008;  Chen  et  al.  2010). 


13.2.1    Adipose  Hyperplasia  and  Hypertrophy 

In  response  to  persistent  excess  consumption  of  energy,  the  adipose  tissue  adapts  by 
enlargement  and  expansion.  This  process  occurs  in  obesity  and  follows  two  basic 
mechanisms:  adipose  tissue  hyperplasia  (i.e.,  increase  in  cell  number)  and  hypertro- 
phy (i.e.,  increase  in  cell  size)  (Fig.  13.4)  (Jo  et  al.  2009). 

However,  the  number  of  adipocytes  seems  to  be  determined  in  childhood  and 
remains  fairly  constant  during  later  life  (Maury  and  Brichard  2010;  Spalding  et  al. 
2008).  Commonly,  a  young  infant  possesses  five  to  six  billion  adipocytes.  During 
childhood  and  puberty,  this  number  increases  and  reaches  around  30  billion  fat  cells 
in  a  healthy,  lean  adult.  In  overweight  individuals,  this  number  can  be  increased 
threefold  and  in  severely  obese  cases,  adipocyte  numbers  can  reach  up  to  250-300 
billion  (Bendich  and  Deckelbaum  2005). 

As  the  number  of  mature  adipocytes  remains  relatively  stable  during  adulthood, 
hypertrophy  is  the  predominant  mechanism  for  adipose  depots  expansion  in  adults. 
Following  a  prolonged  period  of  excess  energy  uptake,  adipocytes  accumulate  lip- 
ids resulting  in  adipose  hypertrophy.  This  increased  fat  storage  results  in  a  cellular 
stress  response  and  often  leads  to  an  induction  of  pro-inflammatory  signaling  path- 
ways involving  nuclear  factor-kappaB  (NFkB)  signaling,  which  in  turn  results  in  a 
dysregulation  of  adipokine  production  (Maury  and  Brichard  2010;  Spalding  et  al. 
2008;  Jernas  et  al.  2006;  Skurk  et  al.  2007).  Monocyte  chemotactic  protein-1  (MCP-1) 
is  an  example  of  an  adipokine  secreted  in  large  amounts  by  hypertrophic  adipocytes. 
Binding  to  specific  chemokine  receptors  expressed  on  inflammatory  cells,  it  acts  in 
a  chemoattractant  manner  and  facilitates  monocyte  and  macrophage  infiltration  into 
the  adipose  tissue  resulting  in  an  inflammatory  state.  In  human  obesity,  bone 
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Fig.  13.4  Adipocyte 
hypertrophy  versus 
hyperplasia.  Upon  excess 
uptake  of  energy,  more 
triglycerides  are  stored  within 
each  fat  cell.  Adipocytes 
expand  and  increase  in  size. 
If  a  critical  adipocyte  size  is 
reached  and  excess  caloric 
intake  persists  over  a  long 
period  of  time,  mitotic  stimuli 
induce  proliferation  of 
adipocyte  precursor  cells  that 
can  differentiate  into  mature 
adipocytes  thereby  increasing 
the  number  of  fat  cells 


adipocyte  hyperplasia 


marrow-derived  macrophages  constitute  a  large  and  important  population  of  inflam- 
matory cells  in  the  adipose  tissue  (Maury  and  Brichard  2010;  Weisberg  et  al.  2003; 
Xu  et  al.  2003). 

As  opposed  to  adipocyte  hypertrophy  that  is  the  predominant  mechanism  of  adi- 
pose tissue  expansion  during  adulthood,  adipocyte  hyperplasia  is  mostly  restricted 
to  early  stages  of  life.  Hyperplasia  mostly  occurs  upon  mitotic  activity  of  adipocyte 
precursor  cells.  It  has  been  believed  until  recently  that  fat  cell  hyperplasia  does  not 
occur  at  all  in  the  adult  human.  However,  this  opinion  has  been  proven  wrong  and 
more  recent  findings  show  that  hyperplasia  in  some  cases  can  also  occur  during 
adulthood.  In  any  case,  hyperplasia  is  preceded  by  hypertrophy.  Upon  prolonged 
surplus  energy  balance,  lipids  are  accumulated  in  adipocytes.  Once  the  hypertrophic 
cells  have  reached  a  critical  maximum  size,  precursor  cells  experience  mitotic  stim- 
uli resulting  in  their  proliferation  (Butterwith  1997;  Faust  et  al.  1978).  To  date,  this 
is  believed  to  only  occur  after  tremendously  long  periods  of  extreme  overeating  and 
therefore  it  can  only  be  observed  in  very  few  individuals. 


13.2.2    Role  of  Hypoxia 

Increased  adipocyte  size  as  seen  in  hypertrophic  adipocytes,  requires  and  expansion 
of  the  vasculature  in  order  to  maintain  oxygen  perfusion  and  nutrient  supply. 
Consequently,  hypoxia,  a  decreased  oxygen  partial  pressure,  is  frequently  observed 
locally  in  the  adipose  tissue  of  obese  individuals  and  in  rapidly  expanding  adipose 
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tissue.  The  normal  diffusion  distance  of  oxygen  in  tissues  is  limited  to  100-200  urn. 
However,  the  large  size  of  hypertrophic  adipocytes  (150-200  um)  can  challenge  the 
capacity  of  oxygen  diffusion.  In  the  obese  individuals,  WAT  has  been  described  as 
poorly  oxygenated  (Trayhurn  et  al.  2008).  The  expression  of  the  hypoxia-inducible 
factor- 1  (HIF-1)  is  frequently  used  to  assess  whether  hypoxia  is  present.  HIF-1  con- 
sists of  two  subunits,  alpha  and  beta.  In  the  presence  of  02,  the  alpha-subunit 
(HIF-1  a)  undergoes  a  cycle  of  synthesis  and  proteasomal  degradation.  The  degrada- 
tion and  destabilization  process  is  mediated  by  HIF  hydroxylases  that  are  only 
active  under  normoxic  conditions,  i.e.,  in  the  presence  of  oxygen.  Under  hypoxic 
conditions,  however,  these  hydroxylases  are  inactive  resulting  in  a  stabilization  of 
HIF- la.  Thereby,  HIF-1  can  be  translocated  into  the  nucleus  and  bind  to  corre- 
sponding hypoxia  response  elements  activating  their  transcription.  Among  these 
target  genes  are  a  number  of  angiogenesis-related  genes  and  genes  involved  in  cell 
proliferation,  survival,  apoptosis,  and  also  metabolism  (Trayhurn  et  al.  2008). 
Among  others,  VEGF  is  also  regulated  by  HIF- la. 

Apart  from  adipocytes  that  respond  to  hypoxic  conditions,  macrophages  are  also 
affected  by  the  locally  lowered  oxygen  partial  pressure.  They  respond  by  increased 
expression  of  interleukin  6  (IL6),  migratory  inhibitory  factor  (MIF),  TNF-a,  and 
VEGF  (Trayhurn  et  al.  2008).  It  can  therefore  be  concluded  that  hypoxia  in  the 
adipose  tissue  plays  a  role  in  inducing — among  other  processes — angiogenesis 
which  is  required  for  the  expansion  of  adipose  tissue  and  thereby  facilitates  the 
development  of  obesity. 


13.3    White  Adipose  Tissue-to-BRITE  Transformation 

As  described  above,  WATs  and  BATs  are  two  distinct  adipose  depose  existing  in  the 
body.  Whereas  WAT  is  storing  excess  energy  in  the  form  of  lipids  and  triglycerides, 
BAT  has  a  high  metabolic  capacity  that — when  fully  activated — can  contribute  sig- 
nificantly to  weight  reduction  and  improve  the  metabolic  status  of  individuals.  It  has 
been  described  that  63  g  of  fully  metabolically  active  BAT  can  burn  4  kg  of  WAT 
each  year  in  an  adult  human  (Virtanen  et  al.  2009).  Therefore,  increasing  the  amount 
of  BAT  in  the  body  seems  to  be  a  promising  approach  in  order  to  identify  a  potential 
novel  treatment  option  for  obesity  and  obesity-related  metabolic  disorders.  In  an 
animal  model,  mice  that  are  exposed  to  cold  temperatures  experience  a  transforma- 
tion of  their  subcutaneous  WAT  into  the  so-called  BRITE  phenotype  that  is  similar 
to  adipocytes  in  BAT.  This  process  is  induced  by  an  activation  of  the  sympathetic 
nervous  system  by  the  cold.  As  a  consequence,  a  dramatic  increase  in  adipose  vas- 
culature can  be  observed  in  both  WAT  and  BAT  (Fig.  13.5).  Furthermore,  expres- 
sion of  UCP1 — otherwise  exclusive  to  BAT — is  induced  in  the  BRITE  adipocytes 
leading  to  UCP-1 -dependent  activation  of  NST  as  a  mechanism  to  adapt  to  the  cold 
environment  and  compensate  for  the  low  ambient  temperature. 

The  method  that  will  be  described  in  the  following  to  induce  cold-mediated  acti- 
vation of  BAT  in  mice  can  be  conducted  with  mice  of  different  genetic  backgrounds 
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Fig.  13.5  Transformation  of  WAT  to  BRITE.  (a)  Cold  acclimation  induces  angiogenesis  in  the 
adipose  tissue  and  leads  to  a  transformation  of  white  adipocytes  to  smaller  brown-like  adipocytes 
which  feature  a  multilocular  lipid  droplet  distribution  and  show  increased  mitochondria  content, 
(b)  Staining  with  anti-CD31  antibody  visualizes  endothelial  cells.  Quantification  shows  a  signifi- 
cant increase  in  blood  vessel  density  at  4  °C  compared  to  30  °C  (p  <  0.001).  Hematoxylin  and  Eosin 
staining  shows  that  adipocyte  diameter  decreases  upon  cold  exposure  (p< 0.001).  It  is  also  visible 
that  lipid  droplets  decrease  in  size  and  show  a  multilocular  distribution  after  cold  exposure.  Scale 
bar:  50  um 


and  can  be  combined  with  the  administration  of  drugs  or  other  chemical  compounds 
to  investigate  their  impact  of  adipose  vasculature.  Interestingly,  the  angiogenic 
effect  of  the  cold  as  well  as  the  BRITE  transformation  can  already  be  observed  after 
1  week  of  cold  exposure.  However,  longer  exposure  will  produce  more  prominent 
effects.  Using  this  model  requires  the  permission  of  a  local  ethical  committee. 

In  this  model,  the  mice  will  be  divided  into  two  experimental  groups:  one  group 
will  be  maintained  at  their  thermoneutral  temperature  of  30  °C.  At  this  temperature, 
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mice  have  the  lowest  metabolic  activity.  The  other  group  of  mice  will  be  exposed  to 
4  °C  after  an  appropriate  acclimation  time  at  18  °C.  For  wild-type  (WT)  mice,  1 
week  of  acclimation  is  sufficient;  for  certain  genetically  modified  strains,  the  accli- 
mation period  may  have  to  be  extended.  This  acclimation  is  of  great  importance  as 
a  direct  transfer  of  the  mice  to  4  °C  might  lead  to  a  high  mortality  rate.  It  should  be 
noted  that  mice  should  optimally  be  housed  in  single  cages  during  acclimation  and 
cold  exposure  to  prevent  that  the  mice  keep  each  other  warm  by  sitting  in  close 
proximity  to  each  other.  It  is  very  important  during  this  time  of  acclimation  and  cold 
exposure  to  check  the  condition  of  the  mice  on  a  daily  basis  to  detect  potential  dis- 
comfort of  the  mice  immediately. 

At  the  endpoint  of  the  experiment,  the  mice  from  each  temperature  can  be  divided 
into  three  groups.  One  part  of  the  mice  can  be  used  to  collect  tissue  for  subsequent 
histological  analysis.  A  second  group  can  be  used  to  measure  BMR  and  the  third 
group  can  be  used  for  assessment  of  NE-induced  NST. 


13.3.1  Histology 

At  the  endpoint  of  the  experiment,  mice  are  euthanized  by  a  lethal  dose  of  carbon 
dioxide  (C02).  If  blood  samples  are  to  be  collected,  this  should  be  done  immedi- 
ately after  euthanasia,  preferably  by  intracardiac  puncture.  In  the  following  step, 
adipose  tissues  can  be  dissected  from  different  locations  (e.g.,  subcutaneous  WAT, 
visceral  WAT,  interscapular  BAT).  It  is  recommended  to  photograph  the  dissected 
tissues  in  order  to  document  potential  changes  in  color.  The  dissected  tissue  can  be 
used  for  different  purposes,  including  histological  analysis  and  gene  expression 
analysis  (for  the  latter  purpose,  the  dissected  tissue  should  be  immediately  frozen  in 
liquid  nitrogen).  However,  this  protocol  will  focus  on  histological  examination  of 
the  adipose  tissue.  For  this  purpose,  it  is  recommended  to  divide  the  freshly  dis- 
sected adipose  tissue  into  two  portions:  one  portion  will  be  transferred  to  a  cryo- 
mold,  immersed  with  Tissue-Tek  solution  and  then  transferred  to  dry  ice.  This  tissue 
will  be  stored  at  -80  °C  and  can  be  used  for  cryosection  immunohistostaining.  The 
other  portion  of  the  tissue  will  be  transferred  to  4  %  weight  per  volume  (wt/vol) 
paraformaldehyde  (PFA)  and  fixed  for  24  h  at  4  °C.  After  fixation,  the  tissue  can  be 
transferred  to  phosphate  buffered  saline  (PBS)  and  stored  at  4  °C  until  further  use. 
It  can  then  be  used  directly  for  whole  mount  immunohistochemistry  or  it  can  be 
embedded  in  paraffin  and  sectioned.  All  three  methods  will  be  described  in  the 
following. 


13.3.2    Whole-Mount  Immunohistochemistry 

In  order  to  obtain  high-quality  staining,  it  is  recommended  to  use  fresh  adipose 
tissue. 
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1.  Transfer  the  dissected  and  fixed  tissue  into  Petri  dishes  filled  with  lx  PBS  and 
cut  into  thin  slices.  Optimally,  the  slices  are  of  a  size  of  5x5  mm.  Cutting  is 
performed  using  a  scalpel  blade.  In  order  to  obtain  sections  of  equal  thickness, 
the  cuts  should  be  even  and  little  pressure  is  to  be  exerted  on  the  actual  tissue 
which  is  carefully  held  with  a  pair  of  forceps  during  the  cutting  process.  It  is 
recommended  to  always  ensure  that  the  scalpel  blade  is  sharp  to  minimize  dam- 
age to  the  tissue. 

2.  Transfer  sections  into  a  labeled  six-well  plate  with  about  1-1.5  mL  lx  PBS  per 
well.  The  tissue  should  be  covered  completely  in  PBS  at  this  step.  The  sections 
are  incubated  for  1  h  at  RT  in  order  to  remove  potential  remaining  PFA.  Please 
not  that  this  as  well  as  all  following  washing,  blocking,  and  incubation  steps  are 
performed  on  a  rocking  board. 

3.  To  digest  the  tissue,  incubate  the  sections  with  Proteinase  K  (20  Tris-HCl  buf- 
fer (pH  7.4))  at  RT  for  5  min. 

4.  In  the  next  step,  permeabilize  the  tissue  by  incubating  in  about  1.5  mL  metha- 
nol per  well  for  30  min  at  RT.  Due  to  the  toxicity  of  methanol,  this  step  is  to  be 
performed  in  a  fume  hood. 

5.  To  remove  remaining  methanol,  wash  the  tissue  3  times  with  lx  PBS  for  1  h. 

6.  For  blocking  of  unspecific  binding  sites,  adipose  tissue  sections  are  then  incu- 
bated with  3  %  (wt/vol)  blocking  buffer  for  12-24  h  at  4  °C. 

7.  On  day  2  of  the  staining  procedure,  transfer  the  tissues  into  PBST  and  wash 
thoroughly. 

8.  Prepare  appropriate  dilutions  of  one  or  several  primary  antibodies.  Typically,  to 
stain  blood  vessels,  the  endothelial  cell  marker  monoclonal  rat  anti-mouse 
CD31  antibody  is  used  at  a  dilution  of  1:200  in  PBST.  If  other  antibodies  are 
used,  consider  the  manufacturer's  instructions  or  evaluate  the  optimal  dilutions 
empirically.  Antibody  incubation  is  performed  at  4  °C  for  12-24  h.  It  is  crucial 
that  a  sufficient  amount  of  antibody  is  added  to  the  tissue  to  ensure  coverage  of 
the  sections.  This  step  can  be  done  using  48-well  or  96-well  plates  in  order  to 
limit  the  amount  of  required  antibody. 

9.  On  day  3  wash  the  tissue  with  PBST  for  1.5  h  at  4  °C  and  then  incubate  with 
3  %  (wt/vol)  blocking  buffer  for  1.5  h  at  4  °C. 

10.  Incubate  the  tissue  with  appropriate  dilutions  of  secondary  antibody  in  PBST 
for  2  h  at  RT. 

11.  Incubate  the  tissue  in  0.15  %  (wt/vol)  blocking  buffer  for  1  h  at  RT. 

12.  Wash  the  sections  over  night  at  4  °C  with  PBST. 

13.  The  next  day,  sections  can  be  transferred  to  microscope  glass  slides,  carefully 
mounted  in  a  sufficient  amount  of  Vectashield  mounting  medium  and  covered 
with  a  coverslip.  The  sections  can  then  be  stored  at  -20  °C  for  up  to  4  weeks 
until  microscopic  analysis. 

14.  Use  a  confocal  microscope  (e.g.,  Nikon  D-eclipse  CI  and  accompanying  EZ-C1 
3.90  software  or  an  equivalent  system)  to  acquire  images  of  5  um  thickness  at 
x4,  xlO,  x20,  or  x40  magnifications.  To  obtain  three  dimensional  (3D)  images, 
scan  8-10  layers.  Analyze  the  images  in  a  qualitative  and  quantitative  manner 
using  Adobe  Photoshop  software. 


280 


J.  Honek  et  al. 


13.3.3    Paraffin-Embedded  Adipose  Tissues 

Using  a  microtome,  prepare  sections  of  5  um  thickness  of  paraffin-embedded  tissue 
samples.  Carefully  transfer  the  sections  into  a  water  bath  (4CM-5  °C)  to  allow  the 
tissue  and  paraffin  to  flatten  out  completely  and  collect  the  sections  with  a  Superfrost 
Plus  glass  slide.  Let  the  sections  air-dry  and  then  remove  excess  paraffin  by  keeping 
the  slides  in  an  oven  at  60  °C  for  at  least  2  h.  Before  proceeding  with 
Immunohistochemistry  or  H&E  staining,  let  the  slides  adapt  to  RT  for  about  15  min. 

13.3.3.1  H&E  Staining  on  Paraffin-Embedded  Adipose  Tissue  Sections 

1.  Deparaffinize  the  samples  in  a  vertical  staining  jar  in  Xylen  or  any  equivalent 
Tissue  Clear  solution  for  2x5  min. 

2.  Rehydrate  slides  with  99.7  %  (vol/vol)  ethanol  2x5  min. 

3.  Rehydrate  slides  with  95  %  (vol/vol)  ethanol  2x5  min. 

4.  Rehydrate  slides  with  70  %  (vol/vol)  ethanol  2x5  min. 

5.  Wash  slides  with  dH20  for  5  min. 

6.  Stain  tissue  sections  with  fresh  hematoxylin  for  2-5  min. 

7.  Place  the  jar  containing  the  slides  under  running  tap  water  for  10  min  to  remove 
excess  hematoxylin. 

8.  Stain  tissue  sections  with  fresh  eosin  for  1-2  min. 

9.  Dehydrate  the  stained  tissue  sections  with  70  %  (vol/vol)  ethanol  for  2  x  5  min. 

10.  Dehydrate  the  stained  tissue  sections  with  95  %  (vol/vol)  ethanol  for  2  x  5  min. 

1 1 .  Dehydrate  the  stained  tissue  sections  with  99.7  %  (vol/vol)  ethanol  for  2  x  5  min. 

12.  Place  the  slides  horizontally  on  a  working  bench  and  let  the  dry  for  about 
15  min. 

13.  Mount  slides  with  1-2  drops  of  Pertex  mounting  medium  and  cover  the  slides 
with  microscope  coverslips.  Prevent  the  formation  of  air  bubbles  by  working 
very  carefully  and  store  the  slides  in  a  storage  box  until  imaging. 

14.  Imaging  is  performed  using  a  bright-field  microscope.  Acquire  images  at  x4, 
xlO,  x20,  or  x40  magnifications  and  quantify  adipocyte  size  using  Adobe 
Photoshop  or  ImageJ  software. 

13.3.3.2  Immunohistochemistry  on  Paraffin-Embedded  Adipose 
Tissue  Sections 

1.  Deparaffinize  the  samples  in  a  vertical  staining  jar  in  Xylen  or  any  equivalent 
Tissue  Clear  solution  for  2x5  min. 

2.  Rehydrate  slides  with  99.7  %  volume  per  volume  (vol/vol)  ethanol  2x5  min. 

3.  Rehydrate  slides  with  95  %  (vol/vol)  ethanol  2x5  min. 

4.  Rehydrate  slides  with  70  %  (vol/vol)  ethanol  2x5  min. 

5.  Wash  slides  with  dH20  for  5  min. 
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6.  Boil  the  slides  at  -100  °C  in  a  microwave  in  antigen  unmasking  solution  (1 : 100 
in  dH20)  for  10  min. 

7.  Allow  the  slides  to  cool  down  for  about  20  min  and  then  wash  them  in  lx  PBS 
for  2x5  min. 

8.  Encircle  the  tissue  sections  on  the  slides  using  a  PAP  hydrophobic  pen.  Thereby, 
the  amount  of  reagent  required  for  the  staining  process  will  be  limited  to  the 
tissue  area.  Carefully  remove  excess  liquid  from  the  slides  using  a  paper  towel. 
Avoid  touching  the  tissue  sections  during  this  step  as  it  might  destroy  tissue 
integrity. 

9.  If  using  a  biotinylated  primary  antibody,  block  endogenous  biotin  using  an 
Avidin-Biotin  blocking  kit.  Otherwise  proceed  to  step  14. 

10.  Apply  one  drop  of  avidin-blocking  solution  on  each  tissue  section  and  incubate 
for  15  min. 

1 1 .  Rinse  slides  in  lx  PBS  for  2  x 5  min. 

12.  Apply  one  drop  of  biotin-blocking  solution  on  each  tissue  section  and  incubate 
for  15  min. 

13.  Rinse  slides  in  lx  PBS  for  2x5  min. 

14.  If  using  a  horse  radish  peroxidase  (HRP)-linked  secondary  antibody,  block 
endogenous  peroxidase  activity  by  incubation  in  3  %  H202  for  10  min  and  then 
rinse  in  lx  PBS  for  2x5  min.  Otherwise  proceed  to  step  15  directly. 

15.  Block  unspecific  binding  sites  by  incubating  the  slides  with  lx  PBS  containing 
4  %  (vol/vol)  normal  goat  serum. 

16.  Incubate  tissue  sections  with  primary  antibody  at  an  appropriate  dilution  in  lx 
PBS  containing  4  %  (vol/vol)  normal  goat  serum  in  a  humidified  chamber  for 
12-24  h  at  4  °C.  One  antibody  or  several  antibodies  in  combination  can  be 
used. 

17.  On  day  2,  wash  slides  3  times  in  lx  PBS  for  5  min  each. 

18.  Prepare  appropriate  dilutions  of  secondary  antibodies  in  lx  PBS  containing 
4  %  (vol/vol)  normal  goat  serum.  If  using  fluorochrome-linked  secondary  anti- 
bodies, protect  tissue  slides  from  light  in  order  to  prevent  bleaching. 

19.  Wash  slides  3  times  in  lx  PBS  for  5  min  each. 

For  fluorescence  detection  of  signals,  proceed  to  step  20,  for  chromogenic 
detection  proceed  to  step  21. 

20.  Fluorescence  detection  of  the  signals,  mount  slides  in  using  1-2  drops  of 
Vectashield  mounting  medium  and  cover  with  a  microscope  coverslip.  If 
desired,  Vectashield  mounting  medium  containing  DAPI  can  be  used  to  stain 
cell  nuclei.  Slides  can  be  stored  in  the  dark  at  -20  °C  for  several  weeks  until 
microscopic  analysis. 

21.  Chromogenic  detection:  use  DAB  substrates  to  develop  positive  signals.  Stop 
development  at  appropriate  time  points  by  transferring  the  slides  into  dH20.  If 
required,  counterstain  nuclei  with  hematoxylin  for  30  s  and  wash  the  slides  in 
dH20  to  remove  excess  hematoxylin.  Dehydrate  samples  by  rinsing  with  70  % 
(vol/vol)  and  99.7  %  (vol/vol)  ethanol  for  5  min  each.  Let  the  sections  air-dry 
and  mount  with  Pertex.  Cover  the  sections  carefully  with  coverslips  and  place 
in  a  storage  box  until  microscopy  analysis. 
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For  analysis  of  the  staining,  imaging  is  performed  using  either  a  fluores- 
cence microscope  or  a  bright  field  microscope  if  using  the  chromogenic  method. 
22.  Acquire  images  at  x4,  xlO,  x20,  or  x40  magnifications  and  quantify  the 
obtained  signals  using  Adobe  Photoshop  software. 

13.3.3.3    Immunohistochemistry  on  Cryosections 

Prepare  sections  of  the  Tissue  Tek-embedded  adipose  tissue  using  a  microtome. 
Adjust  the  cryostat  to  -30  °C  prior  to  sectioning.  This  temperature  is  lower  com- 
pared to  other  tissues  to  maintain  adipose  tissue  integrity.  Carefully  prepare  sections 
of  15  um  thickness  and  transfer  them  to  Superfrost  Plus  microscope  slides.  The 
prepared  sections  can  be  stored  at  -80  °C  for  about  2  years  until  further  use. 

For  immunohistochemical  staining  of  the  cryosections,  the  steps  in  the  protocol 
below  should  be  performed: 

1.  Transfer  the  tissue  slides  from  -80  °C  to  RT  and  allow  them  to  adapt  for  about 
30  min. 

2.  Fix  the  tissue  with  100  %  acetone  for  10  min  in  a  vertical  staining  jar. 

3.  Wash  the  tissue  slides  in  lx  PBS  for  5  min.  Repeat  this  step  3  times. 

4.  Encircle  the  tissue  sections  on  the  slides  using  a  PAP  hydrophobic  pen.  Thereby, 
the  amount  of  reagent  required  for  the  staining  process  will  be  limited  to  the 
tissue  area.  Carefully  remove  excess  liquid  from  the  slides  using  a  paper  towel. 
Avoid  touching  the  tissue  sections  during  this  step  as  it  might  destroy  tissue 
integrity. 

5.  Block  unspecific  binding  sites  by  incubating  the  slides  with  blocking  buffer  (lx 
PBS  containing  4  %  (vol/vol)  normal  goat  serum). 

6.  Incubate  tissue  sections  with  primary  antibody  at  an  appropriate  dilution  in 
blocking  buffer  in  a  humidified  chamber  for  12-24  h  at  4  °C.  One  antibody  or 
several  antibodies  in  combination  can  be  used. 

7.  On  day  2,  wash  slides  3  times  in  lx  PBS  for  5  min  each. 

8.  Incubate  sections  with  appropriate  dilutions  of  secondary  antibodies  in  block- 
ing buffer  at  RT  for  45  min  in  the  humidified  incubation  chamber.  If  using 
fluorochrome-linked  secondary  antibodies,  protect  tissue  slides  from  light  in 
order  to  prevent  bleaching. 

9.  Wash  slides  3  times  in  lx  PBS  for  5  min  each. 

10.  Carefully  remove  excess  PBS  using  a  paper  towel. 

1 1 .  Mount  slides  using  1-2  drops  of  Vectashield  mounting  medium  and  cover  with 
a  microscope  coverslip.  Slides  can  be  stored  in  the  dark  at  -20  °C  for  several 
weeks  until  microscopic  analysis. 

12.  Imaging  is  performed  using  a  fluorescence  microscope  with  different  excitation 
wavelengths.  Acquire  images  at  x4,  xlO,  x20,  or  x40  magnifications  and  quan- 
tify the  obtained  signals  using  Adobe  Photoshop  software. 
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13.3.4   Measurement  of  Basal  Metabolic  Rate 
and  NE-Induced  NST 

Another  factor  in  assessing  the  capacity  of  WAT  to  transform  to  a  BRITE  phenotype 
is  measuring  the  murine  metabolism,  especially  the  maximum  extent  of  NST  which 
is  based  on  UCP1  expression.  Metabolic  rate  can  be  measured  using  an  indirect 
calorimeter.  Optimally,  calorimeters  are  equipped  with  a  time  that  maintains  a  regu- 
lar 12  h  light/dark  cycle  corresponding  to  the  circadian  rhythm  of  the  mice.  The 
procedure  will  only  be  explained  generally  in  this  paragraph.  However,  detailed 
protocol  is  available  (Lim  et  al.  2012). 

To  metabolize  carbohydrates,  fats,  or  proteins,  oxygen  (02)  is  consumed  while 
C02  and  heat  are  released.  In  indirect  calorimetry,  energy  expenditure  (i.e.,  BMR 
and  NE-induced  NST)  are  assessed  by  determining  a  respiratory  quotient  (RQ) 
based  on  C02  production  and  02  consumption  (Ferrannini  1988).  For  this  purpose, 
the  air  inside  the  chamber  is  calibrated  in  the  beginning  of  each  measurement  so  it 
contains  a  defined  02  and  C02  saturation.  During  the  measurement,  the  air  inside 
the  indirect  calorimeter  is  sampled  in  fixed  and  regular  time  intervals  and  the  levels 
of  the  respiratory  gases  are  measured  (Ferrannini  1988).  Typically,  the  metabolic 
chambers  are  equipped  with  a  dehumidifying  filter  system  to  remove  humidity  from 
the  air  that  is  generated  during  respiration  of  the  animals.  This  is  an  important  factor 
as  humidity  can  alter  the  outcome  of  the  measurement  which  is  especially  problem- 
atic during  BMR  measurement  where  the  animals  remain  in  the  chambers  for  24  h 
and  a  significant  amount  of  humidity  can  be  produced  over  time. 

During  the  course  of  basal  metabolic  measurement,  mice  should  be  provided 
sufficient  food  and  water.  Ideally,  mice  are  not  interrupted  during  the  measurement 
and  remain  inside  the  closed  calorimeters  in  order  not  to  alter  the  concentration  of 
the  respiratory  gases  by  opening  the  chamber.  Many  calorimeters  are  also  equipped 
with  a  temperature  regulating  system  so  that  BMR  can  be  assessed,  e.g.,  at  RT  or  at 
the  thermoneutral  temperature.  At  the  end  of  the  measurement,  mice  can  be  trans- 
ferred back  to  their  home  cages. 

Measurement  of  NE-induced  NST  requires  more  effort  compared  to  BMR.  Since 
this  measurement  should  only  assess  the  energy  consumption  due  to  NST,  it  is 
required  to  anesthetize  the  animals  prior  to  starting  the  experiment  in  order  to  pre- 
vent unreliable  results  due  to  skeletal  muscle  activity.  Anesthesia  is  commonly  done 
using  Pentobarbital  (40  mg  kg-1)  which  is  administered  by  intraperitoneal  injection. 
Place  the  mice  in  a  calm  and  warm  environment  once  they  are  anesthetized,  and 
then  transfer  them  into  the  calorimeters. 

In  the  beginning  of  the  measurement,  BMR  should  be  measured  for  about  30  min 
to  obtain  a  stable  baseline.  Ensure  that  the  mice  are  fully  asleep  and  the  inject 
1  mg  kg-1  NE  subcutaneously  in  the  dorsal  back.  Already  after  a  few  minutes,  a 
response  to  the  NE  injection  can  be  observed  as  a  significant  increase  of  the  RQ 
above  the  baseline  level.  Following  injection  of  this  adrenergic  agonist,  brown  fat 
and  UCP1  activities  are  stimulated  and  reach  their  maximum  capacity.  Thereby,  the 
response  to  the  NE  injection  can  be  correlated  to  the  extent  of  BAT  and  also  BRITE 
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tissue  present  in  the  mouse.  After  approximately  45  min  to  1  h  the  response  reaches 
a  plateau  and  starts  to  decline.  At  this  point,  the  measurement  can  be  terminated  and 
mice  can  either  be  placed  in  a  warming  cabinet  to  recover  from  anesthesia  or  they 
can  be  sacrificed  according  to  the  respective  regulations  provided  by  the  local  ethi- 
cal committee. 


13.4    Transplantation  of  Adipose  Tissue 

In  general,  there  are  two  different  approaches  in  transplanting  adipose  tissue,  fat 
grafting,  and  transplantation  of  adipose-derived  stem  cells  (ADSCs).  In  the  first 
method,  the  adipose  tissue  is  harvested  from  the  donor  site  using  a  cannula.  The 
sample  is  sedimented  by  centrifugation  and  injected  into  the  recipient  site  of  the 
same  individual.  This  method  is  frequently  used  in  reconstructive  or  plastic  surgery 
and  has  been  first  described  in  1893  (Neuber  1893).  Generally,  it  has  been  proven 
beneficial  to  transplant  small  grafts  instead  of  larger  amounts  of  fat  in  order  to  maxi- 
mize graft  survival  and  revascularization  (Wilson  et  al.  2011). 

For  ADSC  therapy,  harvesting  can  be  performed  by  liposuction.  After  washing 
and  collagenase  digestion,  the  stromal  vascular  fraction  (SVF)  containing  the  stem 
cells  can  be  separated  from  the  mature  adipocyte  partition  by  centrifugation.  While 
mature  adipocytes  will  be  collected  in  the  upmost  layer  due  to  their  high  lipid  con- 
tent and  thereby  low  density,  the  SVF  will  be  sedimented  in  the  pellet.  After  separat- 
ing the  mature  adipocytes  from  the  SVF,  ASDCs  can  be  implanted  into  the  recipient 
site.  It  is  critical  to  use  a  sufficient  amount  of  starting  lipoaspirate  (at  least  250  mL) 
in  order  to  guarantee  an  appropriate  number  of  ADSCs  in  the  sample.  Typically, 
250  mL  of  aspirate  contain  107-108  ADSCs  (Tabit  et  al.  2012). 

The  biological  basis  underlying  the  idea  of  transplanting  adipose  tissue  or 
ADSCs  lies  in  their  inherent  properties.  ADSCs  are  mesenchymal  cells  that  are  rela- 
tively similar  compared  to  bone  marrow-derived  cells  (mesenchymal  stem  cells) 
(Wagner  et  al.  2005;  Lee  et  al.  2004;  Hong  et  al.  2010).  They  are  multipotent  cells 
which  can  be  differentiated  into  multiple  different  cell  types  including  adipocytes, 
smooth  muscle  cells,  cardiomyocytes,  and  endothelial  cells  (Hong  et  al.  2010;  Zuk 
et  al.  2001;  Tran  and  Kahn  2010;  Planat-Benard  et  al.  2004).  Another  benefit  of 
using  ADSCs  is  their  ability  to  secrete  remarkable  amounts  of  both  angiogenic  fac- 
tors— thereby  promoting  revascularization  of,  for  example,  ischemic  areas — and 
also  anti-apoptotic  factors  that  prevent  cell  death. 

Currently,  there  are  a  number  of  studies  underway  that  investigate  the  potential 
of  autologous  fat  grafting  in  relation  to  facial  reconstruction,  reconstruction  of  the 
breast  after  mastectomy  as  well  as  for  the  treatment  of  lipidystrophies  (http://www. 
clinicaltrials.gov/.  U.S.  National  Institutes  of  Health).  Additionally,  many  preclini- 
cal studies  evaluate  the  potential  of  ADSC-enriched  grafting  focus  on  stroke,  spinal 
cord  trauma,  multiple  sclerosis,  type  1  diabetes,  ischemia,  and  burn  wound  treat- 
ment (Tabit  et  al.  2012;  Tran  and  Kahn  2010;  Ryu  et  al.  2009). 
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One  potential  drawback  that  has  to  be  kept  in  mind  when  discussing  the  potential 
of  ADSCs  in  reconstructive  or  regenerative  research  is  that  individuals  that  have  a 
history  of  tumor  formation  might  not  be  suitable  for  this  method.  This  is  due  to  the 
stem  cell  character  of  ADSCs.  To  date,  it  seems  that  only  ouvert  cancer  but  not  rest- 
ing tumor  cells  experience  a  growth  enhancement  upon  ADSC  delivery  (Tabit  et  al. 
2012;  Zimmerlin  et  al.  201 1).  Even  though  results  obtained  from  preclinical  studies 
in  animal  models  are  inconclusive,  the  extent  of  the  potential  benefit  compared  to 
the  risk  for  the  patient  need  to  be  evaluated  (Tabit  et  al.  2012). 


13.4.1    Transplantation  of  Adipose  Tissue  for  Regenerative 
Medicine 

The  potential  of  grafting  adipose  tissue  after  an  ischemic  myocardial  infarction  to 
induce  revascularization  of  the  infarcted  area  has  been  recognized  for  decades. 
However,  we  are  beginning  to  understand  more  and  more  the  mechanisms  behind 
this  process.  Myocardial  infarction  (MI) — also  known  as  heart  attack — is  a  rather 
frequent  cardiac  event  and  accounts  for  over  10  %  of  deaths  worldwide.  In  western 
developed  countries,  it  is  the  leading  cause  of  death  and  can  be  associated  frequently 
with  sedentary  lifestyle  and  unhealthy  nutrition  based  on  a  high  amount  of  carbohy- 
drates and  fat.  Further  risk  factors  are  diabetes,  hypertension,  dyslipidemia  and  also 
genetic  factors.  The  most  commonly  described  symptom  of  MI  is  chest  pain  that 
often  gradually  develops.  Chest  pain  can  be  due  to  ischemia  of  the  cardiac  muscle 
(angina  pectoris).  More  advanced  symptoms  include  dyspnea  (shortness  of  breath) 
due  to  a  limited  cardiac  output  that  develops  in  the  left  ventricle  and  can  lead  to 
pulmonary  edema.  However,  in  some  cases  MI  remains  unnoticed  and  is  only 
detected  postmortem  during  autopsy  (Mazo  et  al.  2010). 

The  cardiac  event  in  most  cases  is  initiated  by  rupturing  of  an  atherosclerotic 
plaque  in  the  coronary  artery,  triggering  a  clotting  cascade  that  can  lead  to  complete 
arterial  occlusion.  The  impaired  cardiac  blood  flow  can  further  lead  to  ischemia. 
Necrotic  as  well  as  apoptotic  cell  death  causes  myocardial  cells  to  die  leaving 
behind  nonfunctional  scar  tissue.  This  damage  to  the  heart  is  permanent  and  myo- 
cardial scarring  can  even  deteriorate  the  health  condition  by  causing  arrhythmias  or 
the  development  of  lethal  aneurysms.  These  subsequent  conditions  can  increase 
coronary  ischemia  and  further  aggravate  the  cardiac  function. 

In  order  to  reduce  the  extent  of  permanent  damage  to  the  heart  upon  MI,  immedi- 
ate medical  care  is  crucial.  These  interventions  have  become  more  and  more  suc- 
cessful over  the  past  years  and  could  ensure  post-MI  survival  of  an  increasing 
number  of  patients.  However,  in  most  cases,  the  cell  death  of  cardiomyocytes — that 
usually  peaks  at  the  cardiac  event — persists  after  the  MI  even  though  to  a  smaller 
extent.  Also,  the  number  of  chronically  infarcted  patients  increases  (Mazo  et  al. 
2010).  Even  though  many  approaches  have  been  undertaken  to  restore  the  function 
of  the  injured  heart,  none  of  the  attempts  has  reached  groundbreaking  results  yet 
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and  chronic  infarction  often  results  eventually  in  heart  failure  (Mazo  et  al.  2010).  At 
that  stage,  a  heart  transplant  is  the  only  option  to  ensure  patient  survival;  however, 
the  number  of  organs  available  is  limited  and  it  is  difficult  to  find  a  matching  donor 
heart. 

In  order  to  encompass  restoration  of  the  injured  heart,  stem  cell  therapy  has  been 
established  over  a  decade  ago  to  (1)  regenerate  the  myocardial  mass,  (2)  recreate  a 
functional  vascular  network,  and  (3)  return  the  ventricle  to  its  appropriate  geometry 
(Mazo  et  al.  2010).  Even  though  this  attempt  is  far  from  being  able  to  offer  a  cure 
for  the  infarcted  heart,  promising  approaches  have  been  described.  In  this  context, 
adipose  tissue  grafting  and  transplantation  of  adipose  tissue-derived  mesenchymal 
stem  cells  have  become  a  major  focus. 

As  opposed  to  grafting  of  autologous  fat  alone,  it  has  been  proven  beneficial  to 
transplant  adipose  tissue  grafts  enriched  with  ADSCs.  Thereby,  neovascularization 
is  facilitated  and  even  cardiac  remodeling  has  been  described  in  rodent  MI  models 
(Tabit  et  al.  2012;  Valina  et  al.  2007;  Strem  and  Hedrick  2005;  Hwangbo  et  al. 
2010). 


13.4.2    Transplantation  of  Adipose  Tissue  for  Reconstructive 
Medicine 

Adipose  tissue  or  ADSC  transplantation  for  the  use  in  plastic  surgery  has  been 
established  for  over  hundred  years  (Neuber  1893;  Tran  and  Kahn  2010).  A  pioneer 
in  this  field  was  the  German  doctor  Franz  Neuber  who  transplanted  a  fat  graft  from 
the  upper  arm  of  a  tuberculosis  patient  to  his  face  to  fill  facial  depressions  (Neuber 
1893;  Wilson  et  al.  2011;  Tran  and  Kahn  2010).  However,  early  grafting  attempts 
performed  by  him  as  well  as  others  often  had  poor  resorption  rates.  The  size  of  the 
graft  influences  the  survival  rate  of  the  transplanted  fat  by  affecting  the  graft's  abil- 
ity to  establish  blood  supply  in  the  recipient  site  (Peer  1955). 


13.4.3    Transplantation  of  Adipose  Tissue  for  Physiological 
Research 

Several  attempts  of  transplanting  adipose  tissue  (WAT  and  BAT)  aim  at  a  better 
understanding  regarding  adipose  tissue  development.  One  of  the  pioneering  experi- 
ments in  this  area  was  performed  in  the  late  1930s.  Fibroblast-like  preadipocytes 
were  transplanted  from  the  gonadal  white  adipose  depot  of  the  donor  to  a  recipient 
rat.  These  cells  developed  into  fat  pads  that  responded  appropriately  upon  food 
deprivation  or  feeding  (Tran  and  Kahn  2010;  Hausberger  1938,  1955).  Similar 
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studies  have  further  highlighted  the  role  of  vasculature  in  the  development  of  adi- 
pose tissue  as  well  as  the  importance  of  the  host  environment  in  determining  the 
phenotype  of  the  transplanted  cells  (Tran  and  Kahn  2010;  Iyama  et  al.  1979;  Enser 
and  Ashwell  1983).  The  latter  finding  has  been  observed  both  with  adipocytes  from 
WAT  and  BAT  (Tran  and  Kahn  2010;  Enser  and  Ashwell  1983;  Roberts  et  al.  1986). 


13.4.4    Transplantation  of  Adipose  Tissue  for  the  Development 
of  Novel  Treatment  Options  for  Metabolic  Disorders 

From  a  therapeutic  aspect — especially  regarding  the  increasing  number  of  over- 
weight and  obese  individuals  worldwide — the  concept  of  adipose  tissue  grafting  to 
open  new  avenues  in  the  treatment  of  obesity  and  related  metabolic  disorders  seems 
very  tempting.  However,  not  only  combatting  the  adverse  effects  of  excess  fat  stor- 
age but  also  treating  the  opposite  phenomenon — inability  to  store  lipids  within  adi- 
pocytes (lipodystrophy) — is  an  important  issue  as  it  is  also  associated  with  metabolic 
disruptions  (Tran  and  Kahn  2010). 

In  regard  to  develop  novel  methods  for  combatting  the  metabolic  syndrome, 
transplantation  of  adipose  tissue  might  be  a  promising  option  keeping  in  mind  the 
beneficial  effect  of  BAT  on  energy  expenditure  (Tran  and  Kahn  2010;  Dellagiacoma 
et  al.  1992;  Smahel  1989).  Although  some  approaches  in  transplantation  of  BAT 
have  been  undertaken,  the  tissue  grafts  cannot  be  maintained  within  the  host  and 
undergo  necrotic  cell  death.  Interestingly,  it  has  also  been  shown  that  the  host  envi- 
ronment has  a  strong  influence  on  the  transplanted  tissue  in  terms  of,  for  example, 
fatty  acid  composition  (Tran  and  Kahn  2010;  Ryu  et  al.  2009). 


13.4.5  Conclusion 

The  field  of  adipose  tissue  or  ADSC  transplantation  has  the  potential  to  open  up 
novel  therapeutic  approaches  in  the  treatment  of  obesity  and  obesity-related  meta- 
bolic diseases  as  well  as  in  reconstructive  and  regenerative  medicine.  However,  in 
particular  the  attempts  to  improve  metabolic  syndrome  need  to  be  improved.  To 
date,  the  techniques  used  in  preclinical  studies  are  not  optimal  and  often  fail  to  lead 
to  consistent  long-term  improvements.  Above  all,  survival  of  the  graft  is  a  major 
obstacle  that  needs  to  be  overcome.  But  also  the  strategies  currently  used  in  ADSC 
transplantation  leave  room  for  improvement.  Apart  from  the  complications  regard- 
ing survival  of  the  graft,  it  is  also  crucial  to  consider  the  safety  of  the  patient. 
Potential  effects  of  adipose  tissue  or  ADSC  grafting  on  the  whole  body  need  to  be 
evaluated  thoroughly. 
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13.4.6  Genetic  Models 

During  the  past  century,  the  mouse  has  gradually  become  the  model  organism  of 
choice  to  increase  our  knowledge  to  translate  in  vivo  experiments  to  simulate  human 
diseases  in  research.  The  genome  of  the  mouse  shows  extensive  synteny  and  the 
physiology  of  the  mouse  is  highly  similar  to  humans;  therefore,  the  mouse  has  over 
the  years  developed  into  becoming  a  suitable  model  to  be  used  to  study  different 
diseases  in  humans.  Currently,  there  are  thousands  of  inbred  mouse  strains  with 
genetically  engineered  mutants  that  are  prone  to  develop  different  diseases  that  can 
be  used  to  study  human  diseases.  The  rapid  advancement  in  technology  to  create 
different  genetically  modified  mice  using  techniques  such  as  overexpression,  knock- 
out and  knock-in,  tissue-  and  time-specific  deletion  of  target  genes  using  the  Cre- 
loxP  system,  gene-trap  approaches  allows  us  to  now  investigate  the  role  and  function 
of  genes  in  vivo  (Davey  and  MacLean  2006).  Despite  the  advancement  in  creating 
transgenic  mice  and  the  high  synteny  between  mice  and  human,  many  confounding 
factors  still  have  to  be  considered  while  choosing  a  suitable  genetically  modified 
mouse  strain  to  translate  to  the  human  endocrine  system. 

13.4.7  Mouse  Models  to  Study  Angiogenesis  in  Obesity 
and  Diabetes 

The  expansion  and  regression  of  adipose  tissue  is  highly  coupled  to  angiogenesis. 
The  metabolic  demand  in  the  adipose  tissue  is  also  dependent  on  the  adipose  vascu- 
lature. Obesity  has  over  the  years  become  a  major  concern  in  the  modern  society. 
The  incidence  of  many  obesity-related  medical  problems  including  type  II  diabetes, 
cardiovascular  diseases,  and  hypertension  has  been  escalating  tremendously  and  has 
raised  the  health  care  expenditures  and  therefore  requires  immediate  attention  and 
intervention  (Cao  2010).  Genetic-  and  diet-induced  mouse  models  are  excellent 
models  and  provide  immense  opportunities  to  investigate  the  modulation  of  angio- 
genesis during  adipogenesis  and  obesity.  At  present,  there  are  several  mouse  models 
available  to  study  monogenic  obesity  and  diabetes  including:  (1)  Mice  with  sponta- 
neous mutation  for  obesity,  the  leptin-deficient  mice  (Lepob,  commonly  known  as 
ob/ob),  with  structurally  defective  leptin  which  does  not  bind  to  the  leptin  receptor 
(ObR).  These  mice  do  not  have  leptin  activity  and  exhibit  obesity,  hyperphagia, 
glucose  intolerance,  and  elevated  plasma  insulin  at  the  age  of  4  weeks  of  age.  (2) 
Mice  with  spontaneous  mutation  for  diabetes  (leprdb  or  db/db),  which  develop  obe- 
sity with  the  onset  of  3-4  weeks  of  age.  These  mice  have  dysfunctional  endothelial 
and  vascular  function  and  could  be  used  to  study  metabolic  syndrome  and  type  2 
diabetes  in  relation  to  blood  vessel  growth  and  functionality.  (3)  Diet-induced  obese 
(DIO)  mice  have  elevated  blood  glucose  and  impaired  glucose  tolerance  suitable  for 
studying  prediabetic  type  2  diabetes  and  obesity.  These  mouse  models  are  ideal  for 
the  investigation  of  the  spatial  and  functional  relations  between  adipocytes  and 
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vasculature  including  blood  vessels  density,  structure,  and  remodeling  during  onset 
of  disease,  and  treatment  of  obesity  and  diabetes. 

13.4.8    Different  Transgenic  Mouse  Model  to  Study 
Embryonic  Angiogenesis 

There  are  two  major  families  of  endothelial- specific  receptor  tyrosine  kinases  that 
play  a  critical  role  in  mediating  signaling  that  regulates  growth,  survival,  prolifera- 
tion, and  differentiation  of  endothelial  cells;  the  VEGFRs  and  Tie  family.  The  Tie 
receptor  family  consists  of  two  members,  Tie-1  and  Tie-2;  and  four  ligands, 
Angiopoietin  1-4  (Angl-4).  Angiopoietin  1-4  bind  to  Tie-2  while  Tie-1  is  an  orphan 
tyrosine  receptor.  Tie-1  is  an  essential  endothelial  receptor  tyrosine  kinase  playing 
crucial  role  in  the  development  and  sustenance  of  the  vascular  system.  Several 
transgenic  mouse  models  of  abnormal  embryonic  vascular  development  have  been 
developed  over  the  years.  Mice  lacking  VEGF,  FLT-1,  FLK-1,  and  VE-cadherin 
result  in  the  formation  of  primitive  capillary  plexus  (Carmeliet  et  al.  1996;  Fong 
et  al.  1995;  Shalaby  et  al.  1995).  Mice  lacking  Tie-1,  Tie-2,  Ang-1  Braf,  VHL,  and 
VCAM-1  exhibit  defects  in  expansion  and  remodeling  during  embryonic  develop- 
ment. Since  these  genes  are  essential  in  embryonic  development,  deletion  of  these 
genes  results  in  embryonic  lethality.  Therefore  Conditional  gene  targeting  enables 
inactivation  or  modification  of  genes  in  specific  cell  types  and  also  in  spatio- 
temporal  manner  (Kuhn  and  Schwenk  1997).  Conditional  recombination  serves  as 
an  excellent  way  to  circumvent  lethality  at  early  embryonic  stages.  Conditional 
recombination  technique  uses  the  loxP  sequences  which  flank  both  ends  of  the  tar- 
get gene.  The  site- specific  DNA  recombinase  Cre  recognizes  the  loxP  and  excises 
the  DNA  segments  that  are  flanked  by  loxP  sites.  The  target  gene  can  be  knocked 
out  by  the  presence  of  Cre  recombinase  which  activates  the  loxP  recombination.  To 
achieve  a  tissue-specific  knockout  of  the  gene,  mice  with  Cre  recombinase  gene 
with  tissue-specific  promoter  can  be  crossed  with  desired  loxP  mice  resulting  in 
loxP  recombination  occurring  in  a  specific  tissue  where  the  promoter  is  active 
(Houdebine  2002;  Mallo  2006). 


13.4.9    FOXC2-TM  to  Study  Vascular  Remodeling,  Patterning, 
and  Maturation 

In  this  section,  we  will  discuss  the  use  of  a  transgenic  mouse  strain,  FOXC2- 
transgenic  mice  (FOXC2-TM)  to  study  vascular  remodeling  including  vessel  matu- 
ration, patterning,  and  stability.  FOXC2  belongs  to  a  member  of  the  forkhead/ 
winged  helix  transcription  factor  family.  FOXC2  has  been  reported  to  be  implicated 
in  many  human  diseases  such  as  lymphedema-distichiasis,  type  2  diabetes  and 
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Fig.  13.6  Vascular  remodeling  in  FOXC2-TM.  The  WAT  depots  from  WT  and  FOXC2-TM  were 
stained  with  an  endothelial  cell  marker  anti-CD31  antibody  (red),  and  vascular  smooth  muscle 
marker,  an  anti-SMA  antibody  (green).  Arrowheads  point  to  double-positive  areas 


interstitial  nephritis.  Cederberg  et  al.  have  shown  that  FOXC2  expression  in  adipo- 
cytes could  lead  to  the  conversion  of  WAT  to  acquire  a  more  BRITE-like  phenotype 
(Cederberg  et  al.  2001).  In  addition,  expression  of  FOXC2  in  adipocytes  resulted  in 
increase  of  oxygen  consumption  (up  to  4  times  higher  compared  to  WT  mice),  and 
increased  metabolism  in  mice.  Interestingly,  necropsy  observation  of  the  inguinal 
WAT  (iWAT)  of  the  FOXC2-TM  showed  a  red  diffused  phenotype  resembling  that 
of  BAT  suggesting  the  possible  phenotypic  change  from  WAT  to  BAT  (Xue  et  al. 
105).  Combination  of  genetic  models  and  immunohistochemistry  techniques  serves 
as  an  important  platform  for  the  analysis  of  blood  vasculature  density,  patterning 
remodeling,  and  different  micro  vasculature  networks  (Xue  et  al.  2010). 
Immunohistochemistry  staining  using  anti-CD31  antibody  allows  visualization  of 
the  density  and  structural  networks  of  blood  vessels.  To  further  study  vascular 
remodeling  and  maturation  of  blood  vessels,  immunohistochemistry  stainings  using 
alpha  smooth  muscle  actin  (oc-SMA)  antibody  and  proteoglycan  sulfate  (NG2)  anti- 
body allow  the  investigation  of  the  distribution  of  smooth  muscle  cells  and  pericytes 
on  the  blood  vasculature  (Fig.  13.6).  The  blood  vasculature  in  FOXC2-TM  iWAT  is 
highly  dense,  irregular,  and  comprises  highly  disorganized  vascular  plexuses  resem- 
bling honeycomb  structures  as  compared  to  vasculature  in  the  WT  mice.  The  blood 
vessel  density  in  the  BAT  is  up  to  5  times  higher  compared  to  the  blood  vessels  in 
WAT.  Here,  we  observed  that  the  blood  vessel  density  in  WAT  of  FOXC2-TM  is 
comparable  to  that  of  BAT  in  WT  mice.  In  WT  mice,  vascular  smooth  muscle  cells 
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(VSMCs)  and  pericytes  in  WAT  are  associated  with  large  arterial  vessels  and  are 
very  rarely  found  on  micro  vessels.  In  the  WAT  and  BAT  of  FOXC2-TM,  the  per- 
centage of  aSMA-positive  VSMCs  is  significantly  increased  and  distributed  on  the 
microvessels  as  compared  to  WT  mice  demonstrating  the  role  of  FOXC2  in  regulat- 
ing the  distribution  of  VSMCs  in  adipose  maturation.  On  the  other  hand,  the  NG2- 
positive  pericyte  coverage  in  FOXC2-TM  was  not  only  found  on  microvessels  but 
was  also  redistributed  to  large  arterial  vessels.  Vascular  remodeling  through  the 
redistribution  of  pericytes  and  VSMCs  on  the  blood  vessels  could  be  essential  to 
regulate  and  support  the  high  metabolic  demand  in  the  FOXC2  expressing  adipose 
tissue.  Affymetrix  microarray  gene  chip  and  PCR  analyses  revealed  that  the  expres- 
sion level  of  angiogenic  genes  such  as  vascular  VEGF,  platelet-derived  growth  fac- 
tor (PDGF),  Ang-2,  transforming  growth  factor-beta  (TGF-p)  were  significantly 
upregulated  in  the  adipose  tissues  of  FOXC2-TM.  Among  these  angiogenic  factors, 
Ang-2  was  one  of  the  most  upregulated  genes;  a  nearly  sixfold  increase  of  Ang-2 
was  detected  in  the  WAT  of  FOXC2-TM  as  compared  to  WT  mice.  Ang-2  promoter 
was  subsequently  fused  with  the  luciferase  reporter  system,  cloned  and  transfected 
into  3T3  differentiated  preadipocytes  in  the  absence  and  presence  of  FOXC2.  The 
Ang-2  activity  was  increased  in  a  dose-dependent  manner  upon  addition  of  FOXC2, 
suggesting  that  Ang-2  could  be  an  essential  mediator  of  FOXC2-induced  angio- 
genic phenotype.  Ang-2  is  essential  for  vascular  remodeling,  patterning,  and  matu- 
ration (Huang  et  al.  2009;  Maisonpierre  et  al.  1997).  Ang-1  and  Ang-2  bind  to 
tyrosine  kinase  Tie-2  thereby  triggering  downstream  activation  to  initiate  blood  ves- 
sel remodeling  and  maturation.  An  Ang-2-specific  inhibitor  LI -10  was  used  to 
investigate  if  the  angiogenic  phenotype  in  the  WAT  and  BAT  of  FOXC2-TM  could 
be  reversed.  Treatment  of  FOXC2-TM  with  LI- 10  diminished  the  reddish  pheno- 
type in  the  WAT,  and  normalized  the  dense,  irregular,  and  highly  disorganized  vas- 
cular plexuses  to  a  highly  organized  blood  vasculature  as  observed  in  WT  mice.  In 
addition,  a-SMA-positive  VSMCs  were  redistributed  to  the  large  arterial  vessels 
similar  to  that  of  WT  mice.  Blockade  with  LI -10  decreased  the  total  number  of 
VSMC-coated  vascular  area  and  increased  the  association  to  large  arterial  vessel 
instead  of  microvessel.  This  showed  that  Ang-2  was  responsible  for  FOXC2- 
induced  vascular  maturation  and  redistribution  in  the  adipose  tissue.  Alteration  of 
blood  vasculature  and  increased  formation  of  premature  new  vessels  in  FOXC2-TM 
could  potentially  affect  wound-healing;  therefore,  a  full  skin  wound-healing  experi- 
ment was  performed  to  investigate  the  role  of  FOXC2  in  vascular  functionality.  The 
wound-healing  capacity  of  FOXC2-TM  was  indeed  impaired  and  it  took  approxi- 
mately 3  days  longer  for  wounds  to  heal  in  FOXC2-TM  as  compared  to  WT  mice. 


13.4.10    Conclusion  and  Outlook 

Here  we  described  an  example  to  use  the  transgenic  mouse  model  FOXC2-TM 
accompanied  with  immunohistochemistry  techniques  to  explore  the  role  of  blood 
vessel  patterning,  distribution,  and  maturation.  To  further  study  the  functionality  of 
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blood  vessels  in  the  adipose  tissues,  in  terms  of  perfusion  and  leakiness,  tetrameth- 
ylrhodamine  dextran  of  different  molecular  weight  could  be  used  to  investigate 
either  perfusion  (2,000  kDa)  or  leakiness  of  vessels  (70  kDa).  Dextran  can  be 
injected  into  the  tail  vein  of  mice  and  is  allowed  to  circulate  before  sacrificing  the 
mice.  Further  immunohistochemistry  staining  with  different  markers  such  as 
anti-CD31 -specific  antibody,  a  blood  vessel  pan-marker,  could  be  used  to  investi- 
gate the  area  of  perfused  vessels  and  area  of  leakiness  (Xue  et  al.  2010;  Hedlund 
et  al.  2009).  The  vascular  permeability  can  be  assayed  by  monitoring  extravasation 
of  injected  dextran.  There  is  no  single  model  that  is  ideal  to  elucidate  the  develop- 
ment of  angiogenesis  in  adipose  tissue,  a  combination  of  one  or  more  models  would 
be  necessary  to  encapsulate  the  human  diseases.  However,  over  the  years,  geneti- 
cally engineered  animal  model  have  gradually  shown  to  be  a  better  and  clean  system 
to  evaluate  the  progress  and  development  of  human  diseases.  With  the  availability 
of  more  and  more  transgenic  mice  strains,  it  is  possible  to  choose  suitable  geneti- 
cally modified  mice  to  mimic  the  human  disease  thereby  making  the  research  work 
more  relevant  to  the  clinical  settings. 
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Chapter  14 

Mouse  Genetic  Models  in  Studying 
Adipose  Angiogenesis 

Use  Scroyen  and  H.  Roger  Lijnen 


Abstract  Development  of  obesity  is  associated  with  modulation  of  adipose  tissue 
structure,  involving  adipogenesis,  angiogenesis,  and  extracellular  matrix  remodel- 
ing. These  processes  require  proteolytic  activity  provided  mainly  by  the  fibrinolytic, 
matrix  metalloproteinase,  and  ADAM/ADAMTS  systems.  Adipogenesis  is  tightly 
associated  with  angiogenesis,  as  shown  by  the  findings  that  adipose  tissue  explants 
trigger  blood  vessel  formation,  whereas  in  turn  adipose  tissue  endothelial  cells  pro- 
mote preadipocyte  differentiation.  Modulation  of  angiogenesis  may  have  the  poten- 
tial to  impair  adipose  tissue  development. 

One  of  the  most  commonly  used  approaches  to  study  protein  function  in  vivo  is 
the  use  of  genetically  engineered  animals,  with  either  transgenic  or  knock-out  models. 
Therefore,  murine  genetic  models  have  been  very  useful  tools  to  study  mechanisms 
of  adipose  tissue  development. 

Keywords  Fibrinolytic  system  •  Matrix  metalloproteinase  system  •  Angiogenic 
•  Anti-angiogenic  compounds  •  Mouse  models 


14.1  Introduction 


Development  of  obesity  is  associated  with  substantial  modulation  of  adipose  tissue 
structure,  involving  adipogenesis,  angiogenesis,  and  extracellular  matrix 
remodeling.  As  obesity  is  also  linked  with  pathological  angiogenesis  and  increas- 
ingly more  anti-angiogenic  compounds  are  characterized  in  the  cancer  field,  modu- 
lation of  angiogenesis  may  be  a  promising  novel  therapeutic  approach  (Cao  2010; 
Lijnen  2008). 
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To  supply  growing  adipose  tissue  with  nutrients  and  oxygen,  the  vasculature 
responds  by  increasing  the  number  and/or  size  of  blood  vessels  (capillaries).  In 
early  stage  development  of  adipose  tissue,  adipogenesis  is  tightly  associated  with 
angiogenesis.  Expansion  of  white  adipose  tissue  (WAT)  can  be  supported  by  either 
neovascularization  for  new  adipocyte  differentiation  (hyperplasia)  or  dilatation  and 
remodeling  of  existing  capillaries  for  adipocyte  expansion  (hypertrophy). 

The  angiogenic  activity  in  adipose  tissue  is  often  presented  by  the  blood  vessel 
density  that  is  defined  as  the  number  of  capillaries  for  a  given  surface.  However,  it 
does  not  truly  reflect  angiogenic  activity.  The  number  of  cells  that  can  be  supported 
by  a  blood  vessel  in  tumors  varies,  influencing  in  turn  the  vascular  density  (Hlatky 
et  al.  2002).  In  addition,  a  study  on  capillary  fenestrations  in  adipose  tissue  showed 
that  the  micro  vessel  density  was  lower  in  genetically  obese  oblob  mice  as  compared 
with  wild- type  (WT)  controls,  as  a  result  of  increased  adipocyte  size  in  these  obese 
mice  (Cao  et  al.  2001).  To  take  this  into  account,  blood  vessel  density  in  adipose 
tissue  can  be  normalized  to  the  adipocyte  density. 

One  of  the  most  commonly  used  approaches  to  study  protein  function  in  vivo  is 
the  use  of  genetically  engineered  animals,  with  either  gain-of-f unction  (transgenic) 
or  loss-of-f unction  (knock-out)  models.  This  strategy  provides  powerful  tools  to 
discover  the  importance  of  individual  proteins  in  a  variety  of  physiological  as  well 
as  pathological  conditions.  Additionally,  obesity  mouse  models  have  been  devel- 
oped which  can  be  divided  in  three  major  groups.  The  first  one  includes  mice  that 
acquire  obesity  after  dietary  manipulation.  Such  a  nutritionally  induced  obesity 
model  in  rodents  represents  a  well-characterized  tool  for  the  study  of  adipose  tissue- 
related  angiogenesis.  Indeed,  many  mouse  strains  become  obese  after  consuming 
fatty  diets  with  adjusted  calories  over  time  (West  and  York  1998)  and  therefore 
provide  excellent  models  to  study  different  stages  of  adipose  tissue  development, 
which  are  highly  analogous  to  human  obesity.  However,  there  are  mouse  strain- 
specific  differences  in  responses  to  a  high  fat  diet  (HFD)  (Kanasaki  and  Koya  201 1). 
For  instance,  C57BL6/J  and  AKR  mice  are  sensitive  to  HFD-induced  obesity  and 
diabetes  whereas  some  other  strains  are  to  a  certain  degree  obesity-  and  diabetes- 
resistant  (Kanasaki  and  Koya  2011).  The  second  group  includes  genetically  modi- 
fied mice,  which  spontaneously  become  obese.  Different  mouse  models  of 
genetically  determined  obesity  are  available  (Kanasaki  and  Koya  2011).  The  oblob 
mice  lack  the  gene  leptin  whereas  the  dbldb  mice  lack  the  leptin  receptor.  Leptin 
was  discovered  in  1994,  and  it  was  shown  that  this  hormone,  the  product  of  the 
obese  (ob)  gene,  is  produced  in  white  adipose  tissue  and  serves  as  the  peripheral 
signal  of  nutritional  status  directed  to  the  brain  (Zhang  et  al.  1994).  Therefore, 
oblob  mice  exhibit  uncontrollable  food  intake,  obesity,  type  2  diabetes,  and  insulin 
resistance  with  hyperinsulinemia.  Additionally,  the  db  stands  for  "diabetes"  and 
these  mice  have  a  point  mutation  in  the  leptin  receptor  gene,  resulting  in  defective 
leptin  signaling  (Chen  et  al.  1996).  Consequently  they  suffer  from  persistent  hyper- 
phagia  and  obesity  associated  with  hyperleptinemia,  insulin  resistance,  and 
increased  insulin  levels.  In  addition,  mice  with  combined  leptin  and  LDL-receptor 
deficiency  feature  most  of  the  confounding  metabolic  syndrome  components  includ- 
ing a  more  severe  hypercholesterolemia  and  hypertriglyceridemia,  as  in  obese 
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people  (Hasty  et  al.  2001).  A  third  in  vivo  model  monitors  de  novo  adipogenesis: 
athymic  NUDE  mice,  injected  in  the  back  with  3T3-F442A  preadipocytes,  develop 
fat  pads  at  the  site  of  injection  (Mandrup  et  al.  1997;  Neels  et  al.  2004). 

This  section  will  review  studies  on  adipose  tissue  angiogenesis  in  genetically 
modified  mice,  modulating  proteolysis  as  well  as  pro-  and  anti-angiogenic  factors. 


14.2    Proteolysis  in  Growing  Adipose  Tissue 

There  is  growing  evidence  that  proteolysis  is  required  for  several  aspects  of  adipose 
tissue  expansion.  Besides  hypertrophy  of  adipocytes,  proteolysis  is  also  required  for 
cell  migration  during  the  development  of  blood  vessels  and  peripheral  nerves  as 
well  as  for  the  migration  of  macrophages  in  the  growing  adipose  tissue.  The  proteo- 
lytic activity  required  for  adipogenesis  and  angiogenesis  is  mainly  mediated  by  the 
fibrinolytic  (plasminogen/plasmin)  and  matrix  metalloproteinase  (MMP)  systems. 
Also  proteins  of  the  ADAM  (a  disintegrin  and  metalloproteinase)  and  ADAMTS 
(ADAM  with  thrombospondin  (TSP)  motif)  families  may  be  implicated.  These  pro- 
teinases are  collectively  able  to  cleave  a  wide  variety  of  substrates.  In  addition, 
MMPs  and  plasmin  are  important  for  the  bioavailability  of  several  growth  factors 
and  cytokines  implicated  in  obesity,  with  major  roles  in  angiogenesis. 


14.2.1    The  Fibrinolytic  System 

The  fibrinolytic  system  comprises  an  inactive  proenzyme  plasminogen,  which  can 
be  converted  to  the  active  enzyme  plasmin.  The  latter  degrades  fibrin  into  soluble 
fibrin-degradation  products.  Two  immunologically  distinct  plasminogen  activators 
have  been  identified:  tissue-type  plasminogen  activator  (t-PA)  and  urokinase-type 
plasminogen  activator  (u-PA).  u-PA  binds  to  a  specific  cellular  receptor  (u-PAR  or 
CD87)  resulting  in  enhanced  activation  of  cell-bound  plasminogen.  Inhibition  of  the 
fibrinolytic  system  occurs  either  at  the  level  of  plasmin  by  oc2-antiplasmin,  or  at  the 
level  of  the  plasminogen  activators,  mainly  by  plasminogen  activator  inhibitor- 1 
(PAI-1)  (Lijnen  2009;  Lijnen  and  Collen  1995).  A  relationship  between  blood  fibri- 
nolytic activity  and  body  fatness  was  already  reported  in  the  early  sixties  (Shaw  and 
Machaughton  1963),  but  the  interactions  between  individual  fibrinolytic  parameters 
and  other  systems,  such  as  angiogenesis,  appear  more  complex  than  anticipated. 

Several  nutritionally  induced  obesity  models  in  transgenic  mice  have  been  used 
to  study  the  role  of  the  fibrinolytic  system  in  the  development  of  obesity  (Table  14.1). 
t-PA-deficient  mice,  kept  on  HFD,  had  a  higher  body  weight  and  adipose  tissue 
mass  than  WT  controls  (Morange  et  al.  2002).  There  was  an  increase  in  the  number 
of  endothelial  cells  (ECs)  and  stroma  cells  in  the  fat  tissues,  suggesting  that  targeted 
inactivation  of  t-PA  increases  angiogenesis  in  the  adipose  tissue,  which  may  pro- 
mote adipose  tissue  formation.  In  contrast,  deficiency  in  u-PA  had  no  effect  on 
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Table  14.1  Role  of  the  fibrinolytic  system  in  adipose  tissue  development  and  obesity  studied  in 
genetic  mouse  models 


Effect  on 

Effect  on  adipose 

adipose  tissue 

angiogenesis 

Reference 

Deficiency 

t-PA 

Increased 

Increased 

Morange  et  al.  (2002) 

u-PA 

No  effect 

No  data 

Morange  et  al.  (2002) 

Plasminogen 

Decreased 

No  data 

Hoover-Plow  et  al.  (2002) 

oc2-antiplasmin 

No  effect 

No  data 

Lijnen  (2007) 

PAI-1 

No  effect 

No  data,  increased 

Lijnen  (2005),  Scroyen 
et  al.  (2007) 

Decreased 

No  data 

Ma  et  al.  (2004),  Schafer 
et  al.  (2001),  De  Taeye 
et  al.  (2006) 

PAI-2 

Decreased 

No  effect 

Lijnen  et  al.  (2007) 

Over  expression 

PAI-1 

Decreased 

Decreased 

Lijnen  et  al.  (2003a) 

De  novo 

local  PAI-1 

Increased 

No  effect 

Scroyen  et  al.  (2009a) 

expression 

systemic  PAI-1 

Decreased 

Decreased 

Scroyen  et  al.  (2009a) 

expression 

nutritionally  induced  obesity  (Morange  et  al.  2002),  although  it  was  previously 
shown  that  overexpression  of  u-PA  in  the  brain  resulted  in  reduced  body  weight  and 
size  (Miskin  and  Masos  1997).  Mice  deficient  in  plasminogen  (Plg~/_),  the  substrate 
for  both  plasminogen  activators,  showed  reduced  fat  accumulation  associated  with 
reduced  differentiation  of  stromal  cells  in  culture.  This  study  suggested  that  differ- 
ences in  the  stromal  cell  population  are  responsible  for  the  reduced  adipose  tissue 
accumulation  in  the  Plg~/_  mice,  and  that  the  plasminogen  system  plays  an  important 
role  in  adipose  tissue  accumulation  (Hoover-Plow  et  al.  2002).  No  data  are  available 
about  the  effect  on  adipose  tissue  angiogenesis,  but  in  a  mouse  cornea  model  a  sig- 
nificantly decreased  angiogenic  response  of  new  vessel  formation  to  both  vascular 
endothelial  growth  factor  (VEGF)  and  basic  fibroblast  growth  factor  (bFGF)  was 
observed  upon  plasminogen  deficiency  (Oh  et  al.  2003).  Deficiency  of  a2-antiplasmin 
had  no  significant  effect  on  adipose  tissue  development  in  mice  (Lijnen  2007). 

PAI-1  is  strongly  expressed  in  murine  and  in  human  adipose  tissue  and  its  role  is 
extensively  studied  in  adipose  tissue  development  (Alessi  et  al.  1997;  Samad  and 
Loskutoff  1996;  Shimomura  et  al.  1996).  In  human  adipose  tissue,  its  expression  is 
positively  correlated  with  BMI  (Alessi  et  al.  2000).  In  addition,  increased  levels  of 
PAI-1  are  also  observed  in  patients  with  the  insulin  resistance  syndrome  (Juhan- 
Vague  et  al.  1991).  In  obese  women,  plasma  PAI-1  levels  during  body  weight  reduc- 
tion and  body  weight  regain  are  positively  correlated  with  the  amount  of  body  fat 
(Mavri  et  al.  1999).  The  role  of  PAI-1  in  adipose  tissue  development  at  present  still 
remains  controversial.  Some  studies  with  transgenic  mice  reported  that  PAI-1  defi- 
ciency has  no  effect  on  adipose  tissue  development  (Lijnen  2005;  Scroyen  et  al.  2007), 
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whereas  others  reported  reduced  development  of  adipose  tissue  (Ma  et  al.  2004). 
In  contrast,  some  studies  indicated  that  high  PAI-1  levels  impair  obesity  (Lijnen 
et  al.  2003a;  Morange  et  al.  2000).  Disruption  of  the  PAI-1  gene  in  genetically  obese 
and  diabetic  oblob  mice  also  resulted  in  reduced  adiposity  and  improvement  of  the 
metabolic  profile  (Schafer  et  al.  2001).  A  recent  study  indicated  that  only  the  com- 
plete absence  of  PAI-1  protected  against  the  development  of  diet-induced  obesity, 
whereas  the  absence  of  bone  marrow-derived  PAI-1  protected  against  expansion  of 
the  visceral  fat  mass  (De  Taeye  et  al.  2006).  The  discrepancies  between  these  stud- 
ies may  be  explained  in  part  by  the  fact  that  nutritionally  induced  models  depend  on 
the  composition  and  timing  of  the  diet,  and  on  the  age  and  genetic  background  of 
the  mice  used.  It  can  also  not  be  excluded  that  modifier  genes  in  a  specific  genetic 
background  affect  the  outcome  of  such  obesity  studies.  There  is  also  a  difference 
between  genetically  determined  obesity  models  (mainly  oblob  or  dbldb  mice  lack- 
ing leptin  or  its  receptor)  and  nutritionally  induced  models  in  WT  mice  with  intact 
genome.  Leptin  provides  a  local  angiogenic  signal  and  improves  the  efficiency  of 
lipid  release  from  fat  stores  to  maintain  energy  homeostasis  (Sierra-Honigmann 
etal.  1998). 

To  further  elucidate  the  role  of  PAI-1  in  the  development  of  obesity,  transgenic 
(Tg)  mice  were  generated  with  overexpression  of  murine  PAI-1  under  control  of  the 
adipocyte- specific  promoter  aP2.  High  circulating  PAI-1  levels  and  reduced  fibrino- 
lytic activity  in  adipose  tissue  resulted  in  a  reduction  of  nutritionally  induced  obe- 
sity (Lijnen  et  al.  2003a).  Besides  adipocyte  hypotrophy,  a  significantly  lower  ratio 
of  stroma  cells/adipocytes  was  observed  in  the  Tg  mice.  Analysis  of  blood  vessels 
did  not  reveal  significant  differences,  except  for  a  somewhat  smaller  average  vessel 
size  but  higher  density  in  adipose  tissue  of  Tg  mice  on  HFD  as  compared  with  con- 
trols (Lijnen  et  al.  2003a).  Overexpression  of  PAI-1  thus  seems  to  modify  the  cel- 
lularity  of  adipose  tissue,  however  without  significantly  affecting  angiogenesis.  In 
order  to  further  substantiate  a  potential  functional  role  of  PAI-1  in  the  development 
of  obesity,  a  de  novo  adipogenesis  model,  based  on  the  injection  of  3T3-F442A 
preadipocytes  in  the  back  of  NUDE  mice,  was  used  (Mandrup  et  al.  1997;  Neels 
et  al.  2004).  Injection  of  preadipocytes  expressing  mPAI-1  resulted  in  larger  fat  pads 
with  a  higher  adipocyte  density  without  affecting  angiogenesis,  whereas  a  systemic 
overexpression  in  this  model  revealed  smaller  adipocytes  as  well  as  blood  vessel 
size  (Scroyen  et  al.  2009a).  Taken  together  these  studies  support  a  pro-angiogenic 
effect  of  PAI-1  in  adipose  tissue  at  low  concentration  and  an  anti-angiogenic  effect 
at  high  concentration.  Indeed,  systemic  PAI-1  overexpression  results  in  smaller 
blood  vessels  (Scroyen  et  al.  2009a),  whereas  a  larger  blood  vessel  size  is  observed 
in  subcutaneous  (SC)  adipose  tissue  of  PAI-1 -deficient  mice  as  compared  with  WT 
mice  (Scroyen  et  al.  2007).  In  addition,  also  PAI-1  transgenic  mice  on  high  fat  diet 
have  smaller  blood  vessels  than  controls  and  develop  less  adipose  tissue  (Lijnen 
et  al.  2003a).  Overall,  these  data  are  compatible  with  a  bell-shaped  dose-dependent 
effect  of  PAI-1  on  adipogenesis  and  angiogenesis;  the  optimal  level  of  PAI-1  to 
promote  or  inhibit  adipose  tissue  development  remains,  however,  to  be  established. 
Thus,  pharmacological  inhibition  of  PAI-1  could  be  beneficial  in  diseases  associ- 
ated with  expansion  of  adipose  tissue.  Therefore,  PAI-1  inhibitors  will  be  needed 
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that  target  active  circulating  PAI-1  as  well  as  PAI-1  stabilized  by  binding  to  vitro- 
nectin. Interestingly,  comparative  evaluation  of  the  reactivity  of  PAI-1  inhibiting 
monoclonal  antibodies  toward  mouse  wild-type  and  glycosylation-deficient  PAI-1 
mutants  revealed  a  clear  glycosylation-dependent  reactivity  profile  that  corresponds 
well  with  negative  in  vivo  results  in  an  endotoxemia  model  (Van  De  Craen  et  al. 
2012).  Therefore,  PAI-1  inhibitors  for  in  vivo  application  should  be  selected  on  their 
adequate  cross-reactivity  and  cross-inhibition  with  the  biologically  active  target. 

PAI-2  is  an  intracellular  serpin  that  efficiently  inhibits  t-PA  and  u-PA,  albeit  at  a 
somewhat  lower  rate  than  PAI-1  (Kruithof  et  al.  1987).  Generation  of  PAI-2- 
deficient  mice  has  revealed  that  it  is  not  required  for  normal  development  or  survival 
(Dougherty  et  al.  1999)  and  has  made  it  possible  to  study  its  specific  role  in  biologi- 
cal processes,  like  obesity.  This  indicated  that  PAI-2  is  expressed  in  murine  adipose 
tissues  and  that  its  deficiency  results  in  impaired  adipose  tissue  development  in 
mice  fed  an  HFD  (Lijnen  et  al.  2007).  The  mechanism  is  independent  of  the  anti- 
fibrinolytic  activity  of  PAI-2.  Blood  vessel  density,  normalized  to  adipocyte  num- 
ber, was  comparable  in  SC  fat  of  WT  and  PAI-2  ^  mice  on  HFD,  but  was  lower  in 
gonadal  (GON)  fat  of  PAI-2  7-  mice,  whereas  blood  vessel  size  was  overall  compa- 
rable (Lijnen  et  al.  2007).  It  is  therefore  unlikely  that  PAI-2  deficiency  significantly 
affects  angiogenesis  in  adipose  tissue. 

Overall,  studies  using  a  nutritionally  induced  obesity  model  in  genetically  modu- 
lated mice  support  a  role  of  the  fibrinolytic  system  in  adipogenesis,  as  well  as  in 
adipose  tissue-related  angiogenesis. 


14.2.2    The  Matrix  Metalloproteinase  System 

The  MMPs  belong  to  a  family  of  about  26  neutral  endopeptidases,  of  which  24  are 
found  in  mammals.  Together,  they  are  able  to  cleave  all  of  the  ECM  components  as 
well  as  several  non-ECM  proteins,  such  as  adhesion  molecules,  cytokines,  protease 
inhibitors,  and  other  (pro)MMPs.  Generally,  MMPs  are  expressed  at  low  levels  but 
are  rapidly  induced  at  times  of  active  tissue  remodeling.  Most  MMPs  are  secreted 
as  inactive  pro-enzymes  and  require  proteolytic  processing  to  become  active.  MMPs 
have  the  ability  to  regulate  cell  behavior  in  several  ways  and  are  thereby  involved  in 
a  large  variety  of  physiological  and  pathological  processes  (Sternlicht  and  Werb 
2001).  MMP  activity  is  modulated  through  interactions  with  tissue  inhibitors  of 
MMPs  (TIMPs).  Four  TIMPs  have  been  characterized  that  are  able  to  inhibit  the 
activities  of  all  known  MMPs.  Consequently,  the  net  MMP  activity  in  tissues  is 
locally  determined  by  the  balance  between  the  levels  of  activated  MMPs  and  TIMPs 
(Gomez  et  al.  1997).  Today,  the  majority  of  MMP  knock-out  mice  generated  show 
no  major  physiological  alterations.  This  lack  of  severe  phenotypes  is  probably  due 
to  enzymatic  redundancy,  enzymatic  compensation,  and/or  adaptive  development. 
Indeed,  in  these  animal  models,  related  MMPs  could  enzymatically  compensate  for 
the  loss  of  one  specific  MMP.  Therefore,  almost  all  described  MMP  deficiencies  in 
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mice  only  show  significant  defects  in  tissues  in  response  to  environmental  challenges 
such  as  wounding,  infection,  or  inflammation. 

Several  lines  of  evidence  suggest  a  potential  role  of  MMPs  in  the  development  of 
adipose  tissue,  and  the  first  indications  came  from  in  vitro  observations.  Conditioned 
medium  of  rat  adipocytes  contains  an  MMP-2  (gelatinase  A)  like  gelatinolytic 
activity,  which  may  play  a  role  in  their  organization  in  multicellular  clusters  (Brown 
et  al.  1997).  In  2001,  the  presence  of  MMP-2  in  adipose  tissue  was  documented  and 
increased  expression  of  MMP-2  was  observed  in  adipose  tissue  of  mice  with  nutri- 
tionally induced  obesity  as  well  as  in  genetically  obese  mice  (Lijnen  et  al.  2001, 
2002a).  MMP-2  and  MMP-9  expression  and  secretion  have  also  been  demonstrated 
in  human  adipose  tissue  and  are  modulated  during  adipocyte  differentiation 
(Bouloumie  et  al.  2001).  Furthermore,  MMP-2  levels  increase  and  TIMP-1  levels 
decrease  during  adipocyte  differentiation  (Johnson  et  al.  1994).  To  gain  further 
insight  into  the  involvement  of  the  MMPs  in  the  development  of  adipose  tissue,  the 
expression  of  MMPs  and  TIMPs  was  monitored  in  lean  and  diet-induced  obese 
mice  (Maquoi  et  al.  2002).  With  the  exception  of  MMP-8,  all  MMP  and  TIMP  tran- 
scripts were  detected  in  both  SC  and  GON  fat  depots.  In  addition,  this  study  revealed 
upregulation  with  obesity  of  mRNA  levels  of  some  MMPs  (MMP-3,  -11,  -12,  -13, 
-14)  and  downregulation  of  others  (MMP-7,  -9,  -16,  -24).  Most  of  these  modula- 
tions were  specific  to  the  GON  fat,  supporting  the  concept  that  the  different  fat 
depots  are  not  identical.  Similar  experiments  in  two  genetic  models  of  obesity 
(ob/ob  and  dbldb  mice)  compared  with  a  diet-induced  obesity  model  (AKR  mice) 
revealed  that  mRNA  levels  for  MMP-2,  -3,-12,  -14,  and  -19  are  strongly  induced  in 
obese  adipose  tissue  as  compared  with  lean  tissues  (Chavey  et  al.  2003). 

TIMP-1,  which  is  synthesized  by  most  types  of  connective  tissue  cells  as  well  as 
macrophages,  acts  against  all  members  of  the  collagenase,  stromelysin,  and  gelati- 
nase classes.  Analysis  of  mRNA  expression  in  adipose  tissue  of  lean  and  obese  mice 
revealed  significant  upregulation  of  TIMP-1  with  obesity.  In  contrast,  TIMP-4  was 
downregulated  with  obesity,  whereas  TIMP-2  and  TIMP-3  expression  levels  were 
not  significantly  modulated,  at  least  in  gonadal  adipose  tissue  (Maquoi  et  al.  2002; 
Chavey  et  al.  2003). 

In  the  past  decades,  efforts  were  made  to  identify  crucial  MMPs  involved  in  adi- 
pose tissue  development,  using  different  MMP-  and  TIMP-deficient  mice  in  a  nutri- 
tionally induced  obesity  model  (Table  14.2).  Inactivation  of  the  stromelysin- 1 
(MMP-3)  gene  in  mice  leads  to  enhanced  development  of  adipose  tissue  when  fed 
an  HFD  (Maquoi  et  al.  2003).  The  higher  body  weight  of  MMP-3 -/~  mice  resulted 
essentially  from  a  specific  increase  of  their  adiposity,  characterized  by  hypertrophic 
adipocytes  in  the  SC  and  GON  fat  pads.  Also  a  higher  blood  vessel  density  was 
observed  in  the  adipose  tissue  of  MMP-3  7-  mice,  suggesting  that  MMP-3  affects 
adipose  tissue-related  angiogenesis.  A  regulatory  role  of  MMP-3  has  also  been  sug- 
gested in  adipogenesis  during  mammary  gland  involution  in  mice;  MMP-3 mice 
showed  accelerated  differentiation  and  hypertrophy  of  adipocytes  (Alexander  et  al. 
2001).  These  data  thus  suggest  an  inhibitory  effect  of  MMP-3  on  adipocyte  metabo- 
lism and  differentiation.  Similar  results  were  seen  upon  inactivation  of  the  strome- 
lysin-3  (MMP- 11)  gene.  Indeed,  MMP- 11  deficiency  promoted  adipose  tissue 
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Table  14.2  Role  of  the  matrix  metalloproteinase  system  in  adipose  tissue  development  and 


obesity  studied  in  genetic  mouse  models 

brrect  on 

brrect  on  adipose 

auipose  tissue 

angiogenesis 

ivererence 

Deficiency 

MMP-3 

Increased 

Increased 

Maquoi  et  al.  (2003) 

MMP-11 

Increased 

No  data 

Lijnen  et  al.  (2002b) 

MMP-19 

Increased 

No  data 

Pendas  et  al.  (2004) 

MMP-10 

No  effect 

No  data 

Lijnen  et  al.  (2009a) 

MMP-2 

Decreased 

No  effect 

Van  Hul  and  Lijnen  (2008) 

MMP-9 

No  effect 

No  effect 

Van  Hul  et  al.  (2010) 

TIMP-1 

Decreased 

No  effect 

Lijnen  et  al.  (2003b) 

TIMP-2 

Increased 

No  effect 

Stradecki  and  Jaworski  (201 1), 
Jaworski  et  al.  (201 1) 

Over  expression 

TIMP-1 

No  effect 

Decreased 

Demeulemeester  et  al.  (2006), 
Scroyen  et  al.  (2010) 

De  novo 

local  hTIPM-1 

No  effect 

No  effect 

Scroyen  et  al.  (2010) 

expression 

systemic  hTIMP-1 

No  effect 

Decreased 

Scroyen  et  al.  (2010) 

expression 

development  and  resulted  in  adipocyte  hypertrophy  (Lijnen  et  al.  2002b).  Enhanced 
adipose  tissue  growth  associated  with  adipocyte  hypertrophy  was  also  seen  in 
MMP-19-deficient  mice  upon  HFD  feeding  (Pendas  et  al.  2004).  In  contrast,  MMP- 
10-deficient  mice  on  HFD  did  not  differ  markedly  from  their  WT  counterparts 
(Lijnen  et  al.  2009a). 

Since  the  discovery  of  the  expression  of  gelatinases  in  adipose  tissue,  elucidating 
their  functional  role  in  adipose  tissue  development  became  very  attempting  (Van 
Hul  and  Lijnen  2008,  2011a,  b;  Van  Hul  et  al.  2010,  2012a).  MMP-2-deficient 
(MMP-2  ^)  mice  when  kept  on  an  HFD,  but  not  MMP-9 -deficient  mice,  showed 
significantly  reduced  obesity  associated  with  adipocyte  hypotrophy,  without  an 
effect  on  angiogenesis  (Van  Hul  and  Lijnen  2008;  Van  Hul  et  al.  2010).  The  poten- 
tial to  reduce  adipose  tissue  development  by  pharmacological  inhibition  of  gelatin- 
ases was  also  shown.  WT  mice  fed  an  HFD  supplemented  with  Tolylsam  (a  relative 
gelatinase-specific  inhibitor,  efficiently  inhibiting  MMP-2,  -9,  and  -12)  showed 
similar  effects  on  adipose  tissue  as  the  MMP-2_/~  mice.  An  interesting  observation 
was  that  mice  treated  with  this  inhibitor  had  smaller  blood  vessels  and  lower  nor- 
malized blood  vessel  densities  as  compared  with  their  controls  (Van  Hul  and  Lijnen 
2008).  It  is  conceivable  that  MMP-2  deficiency  as  such  does  not  affect  angiogenesis 
in  fat  pads,  whereas  a  combined  inhibition  of  MMP-2,  -9,  and  -12  does.  This  could 
imply  that  the  effect  of  Tolylsam  on  adipose  tissue  is  dual:  it  may  slow  down  fat 
mass  accumulation  by  inhibiting  neovascularization  of  the  adipose  tissue,  thereby 
depriving  adipocytes  of  sufficient  access  to  nutrition  and  circulating  triglycerides, 
and  by  inhibiting  adipocyte  hyperplasia. 
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TIMP-1 -deficient  (TIMP-17)  mice  on  HFD  gained  less  weight  than  their  WT 
counterparts  and  developed  less  adipose  tissue  (Lijnen  et  al.  2003b).  A  significantly 
higher  blood  vessel  density  and  size  in  SC  and  GON  adipose  tissue  of  TIMP-17-  mice 
as  compared  to  control  mice  was  observed.  However,  after  normalization  for  adipo- 
cyte density,  this  difference  was  no  longer  observed  (Lijnen  et  al.  2003b).  Plasma 
leptin  levels  were  significantly  elevated  in  WT  as  compared  with  TIMP-1-7-  mice  on 
HFD.  Leptin  acts  as  satiety  factor  and  increases  energy  expenditure,  while  its  secre- 
tion is  strongly  correlated  with  body  fat  mass  and  adipocyte  size  (Friedman  and 
Halaas  1998).  This  suggests  an  effect  of  TIMP-1  deficiency  on  leptin  secretion,  or 
may  rather  be  due  to  the  lower  body  fat  mass  in  the  TIMP-1-7-  mice.  To  further  sub- 
stantiate a  role  of  TIMP-1  in  nutritionally  induced  obesity,  the  effect  of  TIMP-1  over- 
expression  by  adenoviral  gene  transfer  in  mice  was  studied  on  adipogenesis  and 
adipose  tissue  development  (Demeulemeester  et  al.  2006).  Long-term  expression  of 
highly  elevated  levels  of  human  TIMP-1  (hTIMP-1)  was  associated  with  reduced 
MMP  activity  in  plasma,  as  well  as  in  adipose  tissue.  However,  there  was  no  signifi- 
cant effect  on  body  weight  or  fat  mass  when  the  mice  were  kept  on  HFD.  Similar 
observations  were  made  after  overexpression  of  hTIMP-1  in  mice  with  lipectomy  of 
the  SC  adipose  tissue,  kept  on  an  HFD  for  20  weeks  (Demeulemeester  et  al.  2006). 
This  is  somewhat  surprising  since  TIMP-1  deficiency  resulted  in  impaired  adipose 
tissue  development.  However,  it  is  possible  that  physiologic  TIMP-1  concentrations  in 
mice  are  sufficient  to  promote  adipogenesis  and  adipose  tissue  development,  whereas 
overexpression  has  no  further  effect,  and  deficiency  results  in  impairment.  Interestingly, 
in  both  in  vivo  models,  blood  vessels  in  the  adipose  tissues  were  significantly  smaller 
after  hTIMP-1  gene  transfer  than  in  control  mice  (Demeulemeester  et  al.  2006). 
Similarly,  systemic  hTIMP-1  overexpression  in  an  in  vivo  de  novo  adipogenesis 
model  had  no  significant  effect  on  in  vivo  adipogenesis,  although  blood  vessel  density 
in  de  novo  formed  fat  pads  was  decreased  (Scroyen  et  al.  2010).  In  contrast,  local 
hTIMP-1  overexpression  did  not  significantly  affect  early  stages  of  adipogenesis  as 
evaluated  from  in  vivo  de  novo  adipose  tissue  formation  (Scroyen  et  al.  2009b). 

TIMP-2  exerts  MMP-dependent  (MMP  inhibition  and  pro-MMP-2  activation) 
and  MMP-independent  functions.  To  determine  the  contribution  of  TIMP-2  to  the 
hypothalamic  regulation  of  feeding,  body  mass  and  food  consumption  were  moni- 
tored in  TIMP-2-deficient  (TIMP-2-7-)  mice  kept  on  a  standard  chow  or  HFD 
(Stradecki  and  Jaworski  2011).  Before  the  onset  of  obesity,  TIMP-2-7-  mice  were 
hyperphagic,  leptin-resistant,  and  gained  more  weight  than  WT  mice.  Furthermore, 
proteolysis  was  increased  in  the  arcuate  nucleus  of  these  mice,  suggesting  a  role  for 
TIMP-2  in  hypothalamic  control  of  feeding  and  energy  homeostasis  (Stradecki  and 
Jaworski  2011).  Moreover,  male  but  not  female  HFD-fed  TIMP-2-7-  mice  devel- 
oped insulin  resistance.  TIMP-2  expression  is  downregulated  and  MMP- 14  activity 
is  increased  in  male,  but  not  female,  adipose  tissue  of  WT  mice,  suggesting  that 
dysregulated  MMP-14/TIMP-2  expression  may  contribute  to  the  observed  sex- 
specific  diet-induced  insulin  resistance  (Jaworski  et  al.  2011).  Although,  TIMP-2 
exerts  anti-angiogenic  effects  (Stetler-Stevenson  and  Seo  2005),  the  latter  study 
suggested  that  TIMP-2  deficiency  resulted  in  increased  vascularization  upon  HFD 
feeding  in  male,  but  not  in  female  mice,  but  no  genotype  differences  were  observed 
(Jaworski  et  al.  2011). 
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Overall,  the  available  data  suggest  the  potential  to  impair  adipose  tissue  develop- 
ment by  MMP  inhibition  and  demonstrate  that  the  MMP/TIMP  balance  plays  a 
pivotal  role  in  adipose  tissue  angiogenesis.  Identification  of  MMPs  that  play  key 
roles  in  adipose  tissue  development  and  generation  of  more  specific  inhibitors  will 
be  required  to  further  explore  their  potential  to  affect  obesity. 


14.2.3    ADAM  and  ADAMTS  Families 


ADAMTS-1  and  ADAMTS-8  can  inhibit  vascular  endothelial  growth  factor 
(VEGF)-induced  angiogenesis  and  suppress  fibroblast  growth  factor-2  (FGF-2)- 
induced  vascularization  (Vazquez  et  al.  1999).  Both  mediate  a  greater  anti- 
angiogenic  response  than  either  Thrombospondin-1  (TSP-1)  or  endostatin  (see 
below),  with  ADAMTS-1  showing  a  greater  inhibitory  capacity  than  ADAMTS-8. 
The  anti-angiogenic  activity  of  ADAMTS-1  and  -8  is  mediated  through  their  TSP 
motifs.  Interestingly,  ADAMTS-1  deficient  mice  are  exceptionally  lean,  their  vol- 
ume of  epididymal  fat  is  significantly  smaller  than  in  WT  mice,  and  the  formation 
of  capillaries  in  the  adrenal  gland  is  drastically  impaired  (Luque  et  al.  2003). 
ADAM- 17,  ADAMTS-1,  and  ADAMTS-8  mRNA  are  detected  in  both  SC  and 
GON  adipose  tissue  of  lean  mice.  In  SC  adipose  tissue  of  obese  mice  (HFD),  the 
expression  of  ADAM- 17  is  enhanced  and  that  of  ADAMTS-1  reduced,  whereas  in 
GON  adipose  tissue  expression  of  ADAMTS-8  is  reduced.  In  lean  and  obese  mice, 
expression  of  ADAM- 17,  ADAMTS-1,  and  ADAMTS-8  is  higher  in  the  stromal- 
vascular  cell  fraction  than  in  mature  adipocytes.  During  differentiation  of  murine 
3T3-F442A  preadipocytes,  expression  of  ADAM- 17  and  ADAMTS-1  remained 
virtually  unaltered,  whereas  that  of  ADAMTS-8  decreased  as  adipocytes  matured 
(Voros  et  al.  2003).  Aggrecan,  as  well  as  the  two  aggrecanases  ADAMTS -4  and 
ADAMTS-5  mRNAs,  are  expressed  in  SC  and  GON  adipose  tissues  of  mice  (Voros 
et  al.  2006).  In  mice  with  nutritionally  induced  obesity  as  well  as  in  lean  controls, 
aggrecan  mRNA  expression  is  downregulated,  whereas  ADAMTS-4  and 
ADAMTS-5  are  upregulated  with  time.  In  mice  with  genetically  determined  obesity 
(ob/ob),  ADAMTS-5  mRNA  is  upregulated  in  both  SC  and  GON  adipose  tissues,  as 
compared  to  WT  mice.  Thus,  aggrecan  levels  are  high  at  the  early  stages  of  adipose 
tissue  development  in  mice,  whereas  its  production  decreases  and  its  degradation 
increases  during  development  of  obesity.  A  functional  role  of  aggrecan  in  promot- 
ing early  stages  of  adipogenesis  is  supported  by  the  findings  that  it  stimulates  the  in 
vitro  differentiation  of  3T3-F442A  preadipocytes  and  the  de  novo  in  vivo  accumula- 
tion of  fat  in  Matrigel  plaques  injected  into  WT  mice  (Voros  et  al.  2006). 
Proteoglycans  in  the  ECM  of  adipose  tissue,  such  as  aggrecan,  may  thus  contribute 
to  the  regulation  of  lipid  uptake  and  obesity  in  mice. 
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14.3    Pro-  and  Anti-angiogenic  Factors 

Many  components  affecting  angiogenesis  have  been  identified  in  adipose  tissues 
(Table  14.3),  including  platelet-derived  growth  factor  (P1GF),  neuropelin  1  (Np-1), 
FGF-2,  angiopoietin  2  (Ang-2),  leptin,  thrombospondin  1  (TSP-1),  osteonectin,  adi- 
ponectin,  resistin,  tissue  factor  (TF),  TNF-oc,  hepatocyte  growth  factor  (HGF),  etc. 
The  angiogenic  potential  of  the  main  pro-  or  anti-angiogenic  components  is  some- 
times context-dependent  and  variable  in  different  fat  pads. 


14.3.1    Pro-angiogenic  Factors 

VEGF  is  a  major  contributor  to  angiogenesis,  increasing  the  number  of  capillaries 
in  a  given  network.  VEGF- A  (17-23  kDa)  is  a  major  angiogenic  factor  that  stimu- 
lates proliferation  and  migration  of  ECs  (Carmeliet  et  al.  1996).  Three  forms  of 
VEGF- A  are  produced  in  the  mouse  as  a  result  of  alternative  splicing  (VEGF-A121, 
VEGF-A165,  and  VEGF-A189).  Several  studies  indicate  that  VEGF- A  stimulates 
both  physiological  and  pathological  angiogenesis  by  signaling  through  VEGF 


Table  14.3  Role  of  pro-  and  anti-angiogenic  components  in  adipose  tissue  development  and 
obesity  studied  in  genetic  mouse  models 


Effect  on 

Effect  on  adipose 

adipose  tissue 

angiogenesis 

Reference 

Deficiency 

VEGF-D 

No  effect 

No  effect 

Lijnen  et  al.  (2009b) 

P1GF 

Decreased 

Decreased 

Lijnen  et  al.  (2006) 

FGF-2 

Increased 

No  data 

Xiao  et  al.  (2010) 

leptin 

Increased 

Decreased 

Cao  et  al.  (2001),  Voros  et  al. 
(2005) 

SPARC 

Increased 

No  data 

Bradshaw  et  al.  (2003),  Nie  et  al. 
(2011) 

TSP-1 

No  effect 

No  data 

Li  et  al.  (2011),  Voros  and  Lijnen 
(2006) 

TSP-2 

Increased 

No  data 

Shitaye  et  al.  (2010) 

Decreased 

No  effect 

VanHul  et  al.  (2011) 

CD36 

Decreased 

No  effect 

Christiaens  et  al.  (2012), 
Kennedy  et  al.  (2011) 

Over-expression 

VEGF 

No  effect 

Increased 

Elias  and  Franckhauser  (2012) 

Ang-1 

Decreased 

No  data 

Dallabrida  et  al.  (2003) 

De  novo 

Local  HGF 

No  effect 

Decreased 

Bell  et  al.  (2008) 

knockdown 

Local  HGF 

No  effect 

Increased 

Bell  et  al.  (2008) 

expression 
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Receptor-2  (VEGFR-2)  in  a  strict  dose-dependent  manner.  Loss  of  a  single  allele 
causes  embryonic  vascular  defects,  while  reduction  of  VEGF-A  levels  by  only  25  % 
impairs  spinal  cord  perfusion,  resulting  in  motor  neuron  degeneration  reminiscent 
of  amyotrophic  lateral  sclerosis  (Carmeliet  et  al.  1996;  Ferrara  et  al.  1996;  Oosthuyse 
et  al.  2001).  VEGF-B  (21  kDa)  is  43  %  identical  to  VEGF-A  165;  it  also  promotes 
angiogenesis  and  is  implicated  in  ECM  degradation  via  regulation  of  plasminogen 
activation  (Olofsson  et  al.  1998).  VEGF-C  (23  kDa)  displays  30  %  homology  with 
VEGF-A  165  and  plays  an  important  role  both  in  angiogenesis  and  lymph  angiogenesis 
(Joukov  et  al.  1996;  Karkkainen  et  al.  2004).  VEGF-D  (22  kDa)  is  48  %  identical  to 
VEGF-C  and  also  promotes  the  growth  of  lymhatic  vessels  (Stacker  et  al.  2001). 

P1GF,  a  25  kDa  homologue  of  VEGF-A  (53  %  sequence  identity  with 
VEGF-A  165),  enhances  angiogenesis,  but  only  in  pathological  conditions.  Loss  of 
P1GF  impairs  angiogenesis  in  the  ischemic  retina,  limb,  and  heart,  in  wounded  skin 
and  in  tumors,  without  affecting  physiological  angiogenesis  (Carmeliet  et  al.  2001). 

The  members  of  the  VEGF  family  bind  to  transmembrane  tyrosine  kinase  recep- 
tors [VEGFR-1  (206  kDa),  VEGFR-2  (218  kDa),  and  VEGFR-3  (150  kDa)]. 
VEGF-A  interacts  with  both  VEGFR-1  and  VEGFR-2,  whereas  VEGF-B  and  P1GF 
bind  to  VEGFR-1.  VEGF-C  and  VEGF-D  activate  VEGFR-3,  but  VEGF-C  can  also 
bind  to  VEGFR-2.  VEGFR-1  and  VEGFR-2  mediate  angiogenesis,  whereas 
VEGFR-3  is  involved  mainly  in  lymph  angiogenesis  (Veikkola  et  al.  2001). 
VEGF-A  165,  P1GF,  and  VEGF-B  also  bind  to  another  transmembrane  receptor, 
Np-1.  Inactivation  of  the  Np-1  gene  in  mice  causes  disturbances  in  development  of 
the  vascular  and  nervous  system  (Kawasaki  et  al.  1999). 

mRNA  levels  of  VEGF-A  isoforms,  VEGF-B,  VEGF-C,  and  its  receptors,  are 
not  markedly  modulated  by  obesity  (Voros  et  al.  2005).  Reciprocal  regulation  of 
adipogenesis  and  angiogenesis  suggests  that  blockade  of  VEGF  signaling  may 
inhibit  in  vivo  adipose  tissue  formation  (Fukumura  et  al.  2003).  In  addition,  with  in 
vitro  adipose  tissue-imaging  techniques,  it  was  demonstrated  that  angiogenesis 
requires  a  close  interplay  between  differentiating  adipocytes,  stromal  cells,  and 
blood  cells  (Nishimura  et  al.  2007).  The  use  of  an  anti-VEGF  antibody  indeed 
inhibited  not  only  angiogenesis,  but  also  the  formation  of  adipo/angiogenic  cell 
clusters,  indicating  that  coupling  of  adipogenesis  and  angiogenesis  is  essential  for 
differentiation  of  adipocytes,  thus  confirming  that  VEGF  is  a  key  mediator 
(Nishimura  et  al.  2007).  A  recent  study  showed  that  overexpression  of  VEGF  in 
adipose  tissue  induces  vessel  formation  in  both  WAT  and  brown  AT  (BAT),  with 
beneficial  effects  (Elias  et  al.  2012).  This  study  highlighted  the  crucial  role  of  vas- 
cularization in  promoting  size  and  thermogenesis  in  BAT  as  a  means  to  counteract 
the  development  of  HFD-induced  obesity,  without  an  increase  in  WAT  mass. 
Moreover,  adipose  tissue  from  animals  overexpressing  VEGF  present  increased 
recruitment  of  M2  anti-inflammatory  macrophages,  avoiding  insulin  resistance 
(Elias  et  al.  2012).  On  the  other  hand,  using  VEGF-D-deficient  mice,  no  important 
role  of  VEGF-D  in  (lymph)  angiogenesis  or  in  adipose  tissue  development  was 
observed  (Lijnen  et  al.  2009b).  In  this  study,  the  composition  of  SC  and  GON  adi- 
pose tissues  in  terms  of  size  and  density  of  adipocytes  or  blood  vessels  was  also 
comparable  between  VEGF-D-deficient  and  WT  control  mice  (Lijnen  et  al.  2009b). 
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To  establish  a  functional  role  in  obesity,  PlGF-deficient  (P1GF_/)  and  WT  mice  with 
the  same  genetic  background  were  kept  on  HFD  for  15  weeks.  P1GF _/~  mice  had  a 
significant  lower  body  weight  and  less  total  SC  plus  GON  adipose  tissue.  Blood 
vessel  size  was  lower  in  GON  adipose  tissue  of  PlGF~/_  mice  and  blood  vessel  den- 
sity, normalized  to  adipocyte  number,  was  significantly  lower  in  their  SC  adipose 
tissue.  These  differences  were  not  observed  for  P1GF _/~  and  WT  mice  kept  on  nor- 
mal chow,  in  line  with  the  emerging  concept  that  P1GF  deficiency  has  little  or  no 
effect  on  angiogenesis  under  normal  (feeding)  conditions,  but  is  associated  with 
impaired  angiogenesis  under  stress  conditions  (HFD)  during  the  early  stages  of  adi- 
pose tissue  formation  (Lijnen  et  al.  2006).  Neovascularization  in  new  adipose  tissue 
originates  by  sprouting  from  larger  host-derived  blood  vessels  that  run  parallel  to 
peripheral  nerves,  but  endothelial  progenitor  cells  do  not  play  an  important  role  in 
this  process  (Neels  et  al.  2004).  Adipogenesis  and  de  novo  fat  pad  formation  can  be 
impaired  by  inhibition  of  PPAR-y  or  VEGFR-2  (Fukumura  et  al.  2003)  and  by 
administration  of  a  P1GF  neutralizing  monoclonal  antibody  (Lijnen  et  al.  2006). 

The  FGF  family  with  its  prototype  members  FGF-1  (acidic  FGF)  and  FGF-2 
(basic  FGF)  consists  of  at  least  22  members.  In  general,  FGFs  stimulate  a  variety  of 
cellular  functions  by  binding  to  cell  surface  FGF-receptors  in  the  presence  of  hepa- 
rin proteoglycans.  FGF-2  (25  kDa)  is  a  potent  stimulator  of  differentiation,  migra- 
tion, and  proliferation  of  ECs  and  enhances  adipocyte  differentiation  in  vivo 
(Kawaguchi  et  al.  1998).  During  angiogenesis,  FGF-2  stimulates  the  synthesis  of 
proteinases  such  as  collagenase  and  u-PA,  and  of  integrins  to  form  new  capillary 
cord  structures  (Okamura  et  al.  1991;  Tienari  et  al.  1991).  Several  studies  suggested 
both  pro-  and  anti-adipogenic  effects  of  FGF-2  (Kawaguchi  et  al.  1998;  Kimura 
et  al.  2002;  Xiao  et  al.  2010).  Recently,  it  was  shown  that  disruption  of  FGF-2  gene 
activates  the  adipogenic  program  in  mesenchymal  marrow  stromal  stem  cells  (Xiao 
et  al.  2010). 

Another  signaling  system  contributing  to  maintenance,  growth,  and  stabilization 
of  blood  vessels  involves  the  tyrosine  kinase  (T)  with  Ig  (I)  and  epidermal  (E) 
growth  factor  (EGF)  homology  domains  (TIE)-l  and  -2  receptors  (140-145  kDa). 
TIE-2  binds  the  angiopoietins  (Ang-1  and  Ang-2),  whereas  the  ligands  of  TIE- 1  are 
not  known  yet.  Unlike  Ang-2,  which  activates  TIE-2  on  some  cells,  but  blocks  it  on 
others  (Davis  et  al.  2003),  Ang-1  consistently  activates  TIE-2  (Davis  et  al.  1996). 
The  role  of  Ang-1  in  vascularization  is  pleiotropic  and  context-dependent.  Ang-1 
tightens  vessels  by  affecting  junctional  molecules  (Thurston  et  al.  2000),  by  pro- 
moting the  interaction  between  ECs  and  mural  cells,  and  by  recruiting  pericytes 
(Carlson  et  al.  2001).  In  addition,  Ang-1  mRNA  levels  inversely  correlate  with  the 
rates  of  change  in  body  weight.  It  regulates  adipose  tissue  growth,  as  shown  by  the 
finding  that  obese  mice  injected  with  angl/pcDNA  have  reduced  rates  of  weight 
gain  and  fat  pad  weights,  regardless  of  the  route  of  plasmid  administration 
(Dallabrida  et  al.  2003).  Ang-2  may  stimulate  vessel  growth  by  loosening  endothe- 
lial/peri-EC  interactions  and  degrading  the  ECM  (Ahmad  et  al.  2001).  TIE-1  and 
TIE-2  are  expressed  in  adipose  tissues,  but  their  role  in  adipose  tissue  associated 
angiogenesis  has  not  been  clearly  established. 
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HGF  is  an  angiogenic  growth  factor  in  models  of  hindlimb  ischemia  and  myo- 
cardial infarction  (Aoki  et  al.  2000;  Van  Belle  et  al.  1998).  Furthermore,  HGF  is  a 
potent  mitogenic  and  angiogenic  factor  produced  in  human  adipose  tissue.  Recently, 
a  central  role  for  HGF  in  adipose  tissue  angiogenesis  was  proposed  (Bell  et  al. 
2008).  In  this  study,  however,  knockdown  of  HGF  had  no  effect  on  differentiation 
of  3T3-F442A  preadipocytes  to  mature  adipocytes  in  vivo.  In  developing  fat  pads 
under  the  skin  of  HGF  overexpressing  transgenic  mice,  TIE-1  and  PEC  AM- 1 
mRNA  were  increased  correlating  with  immunohistochemical  evidence  of  EC 
migration  in  the  developing  fat  pad  (Bell  et  al.  2008). 

Leptin  (16  kDa),  a  satiety  hormone  produced  by  the  adipose  tissue,  promotes 
migration  of  ECs.  Interaction  of  leptin  with  its  receptor  on  ECs  leads  to  activation 
of  the  Stat3  pathway  and  enhancement  of  its  DNA-binding  activity  (Sierra- 
Honigmann  et  al.  1998).  Besides  a  direct  pro-angiogenic  activity,  leptin  upregulates 
VEGF  expression  via  activation  of  the  Jak/Stat3  signaling  pathway  (Suganami  et  al. 
2004).  Similar  to  VEGF- A,  leptin  induces  the  formation  of  fenestrated  capillaries, 
as  confirmed  by  the  absence  of  fenestrations  in  leptin-deficient  oblob  mice  (Cao 
et  al.  2001).  Leptin  has  a  synergistic  stimulatory  effect  on  angiogenesis  induced  by 
VEGF  or  FGF-2  (Cao  et  al.  2001).  Furthermore,  regulation  of  mRNA  expression  of 
some  pro-  and  anti-angiogenic  factors  is  considerably  different  between  the  nutri- 
tionally and  genetically  {oblob)  induced  diet  models.  Leptin  deficiency  results  in 
faster  adipose  tissue  formation  and  a  higher  degree  of  obesity  as  compared  with  the 
HFD-fed  WT  animals  (Voros  et  al.  2005).  These  differences  may  be  explained  by 
the  enhanced  adipose  tissue  formation  or  by  the  lack  of  leptin  itself,  which  affects 
the  expression  of  several  angiogenic  components. 


14.3.2    Anti-angiogenic  Factors 

Adipose  tissue  also  produces  several  anti-angiogenic  components,  but  their  effect 
on  adipose  vessel  growth  and  remodeling  is  not  well  understood.  They  may  restrict 
further  vessel  growth  when  the  growth  rate  of  adipose  tissue  stabilizes. 

Osteonectin,  also  known  as  secreted  protein  acidic  and  rich  in  cysteine  (SPARC) 
or  basement-membrane  protein  40  (BM-40),  binds  to  VEGF- A,  impairs  VEGFR-1 
activation,  and  inhibits  FGF-2,  resulting  in  inhibition  of  EC  proliferation. 
Osteonectin  is  produced  by  the  adipose  tissue  and  its  expression  is  strongly  elevated 
in  adipocytes  of  obese  mice  (Tartare-Deckert  et  al.  2001).  SPARC-deficient  mice  on 
HFD  develop  larger  fat  pads  as  compared  with  WT  mice  (Bradshaw  et  al.  2003).  It 
acts  on  the  production  and  remodeling  of  adipose  tissue,  as  well  as  in  the  regulation 
of  preadipocyte  differentiation  (Nie  et  al.  2011). 

Thrombospondins  [TSP-1  (145  kDa)  and  TSP-2  (145  kDa)]  are  components  of 
the  ECM  in  remodeling  tissues  and,  like  other  matricellular  proteins,  bind  to  matrix 
proteins  and  cell-surface  receptors,  including  proteoglycans,  non-integrin,  and  inte- 
grin  receptors.  Despite  its  pleiotropic  biological  role,  mice  deficient  in  TSP-1  are 
viable  and  exhibit  only  subtle  abnormalities  in  development,  although  they  develop 
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pneumonia  and  show  delayed  organization  and  neovascularization  of  skin  wounds 
(Agah  et  al.  2002).  TSP-1  and  -2  are  anti-angiogenic,  as  they  inhibit  the  prolifera- 
tion and  migration  of  ECs  by  interacting  with  CD36,  expressed  on  the  surface  of 
these  cells  (Silverstein  and  Febbraio  2007).  Binding  of  TSP-1  to  CD36  induces  the 
expression  of  FAS  ligand  (FasL),  which  activates  its  specific,  ubiquitous  receptor, 
Fas.  This  in  turn  leads  to  the  activation  of  caspases  and  apoptosis  of  the  cell 
(Armstrong  and  Bornstein  2003).  TSP-1  deficiency  does  not  affect  the  development 
of  HFD-induced  obesity  (Li  et  al.  2011;  Voros  and  Lijnen  2006).  However,  TSP-1 
deficiency  reduces  macrophage  accumulation  in  adipose  tissue  and  protects  against 
obesity-related  inflammation  and  insulin  function  (Li  et  al.  2011).  Evaluation  of 
weight  gain  over  time  in  TSP-2-/~  and  control  mice  fed  normal  chow  or  HFD  indi- 
cated that  TSP-2-deficient  female  mice  are  30  %  heavier  than  wild-type  controls 
due  to  an  increase  in  non- visceral  adipose  tissue  (Shitaye  et  al.  2010).  In  contrast,  a 
similar  study  using  TSP-2 _/~  and  WT  littermate  mice  revealed  that  TSP-2 _/~  mice 
kept  on  HFD  had  a  significantly  lower  total  body  weight  throughout  the  experimen- 
tal period,  without  an  important  functional  role  in  adipose  tissue-related  angiogen- 
esis (VanHul  et  al.  2012b). 

In  a  nutritionally  induced  obesity  model,  total  body  weight,  as  well  as  SC  and 
GON  adipose  tissue  mass,  was  significantly  lower  in  CD36-deficient  mice  as  com- 
pared to  WT  littermates  (Christiaens  et  al.  2012;  Kennedy  et  al.  2011).  However, 
CD36  deficiency  had  no  effect  on  adipose  tissue  angiogenesis  (Christiaens  et  al. 
2012).  In  addition,  de  novo  fat  pad  formation  in  NUDE  mice  following  injection  of 
preadipocytes  was  significantly  reduced  upon  CD36  silencing  as  compared  with 
control  preadipocyte  injection.  This  reduction  was  associated  with  marked  adipo- 
cyte hypotrophy,  without  affecting  angiogenesis  (Christiaens  et  al.  2012). 

Overall  these  endogenous  molecules,  playing  a  role  in  the  control  of  angiogen- 
esis, may  constitute  novel  therapeutic  approaches  for  treatment  of  obesity. 


14.4  Conclusions 

Modulation  of  angiogenesis  may  have  the  potential  to  impair  adipose  tissue  devel- 
opment and  obesity.  Since  many  anti-angiogenic  agents  are  characterized  in  the 
cancer  field,  the  evaluation  of  such  components  in  obesity  models  in  vivo  has 
become  a  real  option.  Nevertheless,  since  the  development  of  adipose  tissue  is  a 
complex  and  multifactorial  process,  it  is  unlikely  that  a  single  protease  or  angiogen- 
esis inhibitor  will  allow  reduction  of  obesity  without  any  side  effect.  It  should  be 
kept  in  mind  that  both  proteolytic  systems  and  angiogenic  components  are  not  only 
involved  in  adipogenesis  and  adipose  tissue  development,  but  are  also  critical  to 
many  other  biological  processes. 
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Chapter  15 

Adipose  Tissue-Derived  Progenitor  Cells 
and  Cancer 


Chieh  Tseng  and  Mikhail  G.  Kolonin 


Abstract  Obesity,  a  condition  of  white  adipose  tissue  (WAT)  overgrowth  and  per- 
turbation of  system  metabolic  homeostasis,  is  a  significant  risk  factor  for  cancer 
mortality.  The  mechanisms  underlying  the  obesity-cancer  link  remain  poorly  under- 
stood. Elevated  systemic  circulation  of  pathogenic  adipokines  and  chronic  low- 
grade  inflammation  associated  with  obesity  have  indicated  a  potential 
tumor-promoting  role  of  endocrine  WAT  signaling.  In  addition,  possible  effects  of 
WAT-derived  cell  populations  localized  at  the  tumor  site  have  been  uncovered. 
Recent  studies  have  shown  that  adipose  stromal  cell  (ASC),  the  progenitors  of  adi- 
pocytes, can  traffic  to  tumors.  As  a  constituent  of  tumor  microenvironment,  ASC 
may  engage  in  paracrine  signaling  and  thereby  promote  cancer  progression.  Here, 
we  discuss  tumor-promoting  functions  of  ASC  and  a  potential  of  targeting  these 
cells  as  an  approach  to  thwarting  cancer  progression. 

Keywords  Adipocyte  •  Adipose  •  Stromal  •  Progenitor  cell  •  Adipokine  • 
Vasculature  •  Vessel  •  Endothelial  •  Cancer  •  Tumor 


15.1  Introduction 

The  pandemic  of  obesity  has  become  a  global  health  crisis  (Basen-Engquist  and 
Chang  2011;  Khandekar  et  al.  2011).  Obesity  is  defined  as  the  body  mass  index 
(BMI  =  weight/height2)   of  >30   kg/m2   (Basen-Engquist   and   Chang  2011). 
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Accumulating  epidemiological  evidence  demonstrates  a  strong  link  between  obesity 
and  several  cancers  (Calle  and  Kaaks  2004;  Renehan  et  al.  2008;  Basen-Engquist 
and  Chang  2011),  including  colorectal,  esophageal,  kidney,  and  pancreatic  cancer, 
as  well  as  other  cancer  types  with  weaker  association  (Li  et  al.  2009;  Basen-Engquist 
and  Chang  201 1;  Dalamaga  et  al.  2012).  Given  the  significant  impact  of  obesity  on 
cancer  risk  and  mortality,  increasing  efforts  have  been  devoted  to  obesity-cancer 
research.  Irrespective  of  its  underlying  causes  (genetic  predisposition,  environmen- 
tal and  psychosocial  factors),  obesity  is  manifested  as  a  surplus  in  energy  deposited 
and  accumulated  in  white  adipose  tissue  (WAT)  (Cinti  2005;  Basen-Engquist  and 
Chang  2011;  Cawthorn  et  al.  2012).  The  amount  of  WAT  within  the  body  has  sig- 
nificant impact  on  homeostasis,  as  evidenced  by  obesity  comorbidities  such  as  the 
metabolic  syndrome,  type  2  diabetes,  and  cardiovascular  diseases  (Khandekar  et  al. 
201 1).  Cancer  often  develops  or/and  progresses  when  normal  physiological  homeo- 
stasis is  perturbed  and  inflammation-driven  tissue  remodeling  fuels  the  genetic  cell 
abnormalities.  Therefore,  to  better  appreciate  the  underlying  mechanisms  of  obe- 
sity-cancer link,  it  is  fundamental  to  dissect  the  possible  contributions  of  WAT  to 
pathological  tissue  reorganization.  The  switch  from  viewing  obesity  as  solely  an 
aberration  in  endocrine  signaling  modulating  energy  intake/expenditure  and  the 
metabolic  repercussions  to  recognizing  potential  additional  paracrine  effects  of 
cells  trafficking  from  WAT  (Zhang  et  al.  2010)  has  opened  new  perspectives.  Here, 
we  review  recent  research  on  the  pathophysiological  relationship  between  WAT  and 
cancer  and  discuss  its  potential  clinical  implications. 


15.2    Composition  and  Biological  Function  of  Adipose  Tissue 

Histologically,  adipose  tissue  appears  as  a  type  of  loose  connective  tissue  which  can 
be  divided  into  two  functionally  and  anatomically  distinctive  organs:  WAT  and 
brown  adipose  tissue  (BAT)  (Gesta  et  al.  2007).  BAT  is  composed  of  adipocytes  rich 
in  mitochondria  and  multilocular  lipid  droplets  (Virtanen  et  al.  2009).  BAT  expresses 
high  levels  of  uncoupling  protein- l(UCP-l)  important  for  basal  and  adaptive  ther- 
mogenesis  (Virtanen  et  al.  2009).  BAT  utilizes  lipid  storage  mainly  for  heat  produc- 
tion through  dissipating  proton  electron  gradient  established  by  oxidative 
phosphorylation  (Cinti  2005).  BAT  is  found  in  periadrenal,  cervical,  axillary  regions 
of  human  system  in  young,  but  decreases  significantly  in  adulthood  (Gesta  et  al. 
2007).  In  contrast,  WAT  acts  as  long-term  fuel  repository,  storing  excessive  calories 
as  high  energy  fuel:  triglycerides  (Frayn  et  al.  2003).  Lipid  droplets  in  WAT  are 
prevalently  unilocular  (Trayhurn  2007).  WAT  accumulation  is  a  physiological  adap- 
tion to  excess  food  intake  that  ensures  availability  of  energy  during  nutritional 
deprivation  (Cinti  2005).  Furthermore,  adipose  tissue  also  provides  mechanical  sup- 
port and  thermal  insulation  of  vital  organs  (Frayn  et  al.  2003),  as  reflected  by  distri- 
bution of  WAT  throughout  major  intra-abdominal  and  subcutaneous  depots  (Gesta 
et  al.  2007).  In  addition  to  the  distinct  partition  of  BAT  and  WAT  in  some  depots 
(recognizable  by  their  color  and  gene  expression  profile)  (Cinti  2005),  several 
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Fig.  15.1  Cell  populations  of  white  adipose  tissue  (WAT).  Cellular  components  of  WAT  can  be 
separated  by  enzymatic  digestion  into  a  buoyant  fraction  and  a  stromal/vascular  fraction.  The 
buoyant  fraction  is  enriched  with  lipid-laden  pre- adipocytes  and  mature  adipocytes,  whereas  the 
pelletable  SVF  is  constituted  by  EC,  perivascular  ASC,  and  infiltrating  leukocytes 

groups  reported  that  mixed  BAT  and  WAT  are  found  interspersed  within  the  system 
(Cinti  2005,  2011;  Virtanen  et  al.  2009).  Furthermore,  induction  of  WAT  transition 
to  brown-like  adipose  tissue,  composed  of  "brite"  (beige)  adipocytes,  takes  place  in 
response  to  beta-adrenergic  stimulation  (Lim  et  al.  2012;  Vitali  et  al.  2012).  The 
importance  and  functional  aspects  of  beige  adipose  tissue  are  being  investigated 
(Wuet  al.  2012). 

Structurally,  WAT  is  a  heterogeneous  organ  composed  of  a  number  of  distinct 
cell  populations  (Fig.  15.1).  Enzymatic  digestion  separates  WAT  into  a  buoyant 
fraction  and  a  pelletable  stromal/vascular  fraction  (SVF)  (Daquinag  et  al.  2011b; 
Gimble  et  al.  201 1;  Cawthorn  et  al.  2012).  The  buoyant  fraction  contains  lipid-laden 
pre-adipocytes  and  mature  adipocytes,  whereas  the  SVF  is  a  heterogeneous  mixture 
of  cell  populations:  adipose  progenitor  cells/stromal  cells  (ASC),  adipose  endothe- 
lial cells  (EC),  and  infiltrating  hematopoietic  cells  (Daquinag  et  al.  2011b).  WAT 
expansion  relies  not  only  on  adipocyte  hypertrophy  but  also  on  proliferation  of  ASC 
that,  upon  differentiation,  generate  new  adipocytes  (Cinti  2011).  Expansion  of  the 
SVF  ensures  sufficient  blood  flow  and  modulates  compensatory  tissue  remodeling 
associated  with  adipocyte  death,  which  is  elevated  in  obesity  (Eto  et  al.  2011). 
Blood  flow  in  adipose  tissue  is  highly  labile  and  is  altered  in  response  to  physiologi- 
cal stimuli  such  as  fasting,  postprandial,  and  exercise  (Frayn  et  al.  2003).  Overall, 
WAT  is  a  relatively  hypoxic  tissue  receiving  about  5  %  of  total  cardiac  output 
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(Blogowski  et  al.  2012).  Expansion  of  WAT  further  exacerbates  the  hypoxic  condi- 
tion, in  particular  in  morbid  obesity  featuring  extreme  adipocyte  enlargement. 

Over  the  past  decade,  great  strides  have  been  made  in  research  attaining  to 
unravel  the  intricate  and  tightly  knitted  network  of  signals  within  adipose  tissue.  It 
is  now  well  appreciated  that  WAT  is  the  largest  endocrine  organ  (Cinti  2005).  To 
accommodate  one's  nutritional  state  and  homeostasis,  gut  hormones  and  neural  fac- 
tors converge  with  adipokines  secreted  by  adipose  tissue  (Cinti  2005;  Trayhurn 
2007).  WAT  is  an  organ  undergoing  constant  remodeling  in  accommodation  to  fluc- 
tuations in  energy  availability  (Mariman  and  Wang  2010;  Daquinag  et  al.  2011b). 
Innervation  and  vascularization  have  been  investigated  as  key  factors  regulating 
WAT  mass  and  function  (Smith  and  Minson  2012).  The  sympathetic  and  parasym- 
pathetic innervation  of  WAT  controls  adipocyte  lipolysis  and  lipogenesis  (Trayhurn 
2007).  In  response  to  energy  excess,  the  expansion  of  WAT  triggers  signaling 
changes,  many  of  which  are  mediated  by  secreted  paracrine  molecules.  These  sig- 
nals feed  back  upon  the  cellular  components  within  WAT,  such  as  progenitor  cells, 
to  further  stimulate  adipogenesis,  as  well  as  the  accompanying  stromatogenesis  and 
vascularization  (Yang  and  Smith  2007). 


15.3    WAT  and  Cancer:  The  Role  of  Adipokines 

Cytokines  and  other  factors  secreted  by  WAT,  termed  adipokines,  are  bioactive  sys- 
temically,  which  makes  WAT  the  largest  endocrine  organ  (Calle  and  Kaaks  2004). 
At  present,  there  are  more  than  50  adipokines  identified,  and  under  normal  physio- 
logical condition,  adipokines  integrate  into  communication  network  between  WAT 
and  other  organs,  modulating  events  ranging  from  ECM  remodeling  and  immune 
response  to  energy  balance  and  metabolism  (Khandekar  et  al.  2011).  For  example, 
leptin  is  an  adipocyte- secreted  hormone  that  regulates  energy  intake  and  metabo- 
lism through  binding  to  receptors  in  hypothalamus,  which  stimulates  anorexigenic 
peptides  aiming  at  reduction  in  energy  intake  (Khandekar  et  al.  2011).  Adiponectin 
is  another  adipokine  controlling  energy  homeostasis  and  metabolism,  expression  of 
which  by  adipocytes  is  inversely  correlated  with  increased  adiposity  (Calle  and 
Kaaks  2004;  Kelesidis  et  al.  2006).  Adiponectin  intracellular  signaling,  mainly 
through  AMP- activated  protein  kinase  (AMPK),  is  critical  for  modulating  insulin 
sensitivity,  vessel  function,  and  immunity  (Kelesidis  et  al.  2006;  Dalamaga  et  al. 
2012).  Increased  circulation  of  leptin  and  decreased  circulation  of  adiponectin  are 
observed  in  obese  cancer  patients  (Grossmann  et  al.  2010). 

In  obesity,  accumulated  adipose  tissue  leads  to  aberration  in  secretion  of  various 
adipokines,  contributing  to  obese-related  pathological  conditions  including  cancer 
(Calle  and  Kaaks  2004). 

Some  adipokines  are  secreted  by  cells  of  the  SVF  rather  than  by  adipocytes. 
Aberrations  in  cytokines  such  as  interleukin-6  (IL-6)  and  tumor  necrosis  factor 
alpha  (TNF-a),  secreted  by  WAT-infiltrating  monocytes/macrophages,  account 
for  chronic  low-grade  inflammatory  state  setting  in  obesity  (Park  et  al.  2010). 
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As  these  inflammatory  adipokines  are  known  to  control  tumor  cell  proliferation, 
survival,  and  invasion,  they  may  link  cancer  with  obesity.  Indeed,  both  IL-6  and 
TNF-oc  have  been  associated  with  higher  cancer  risk  in  colorectal  cancer  (Fenton 
and  Birmingham  2010;  Calle  and  Kaaks  2004).  Other  adipokines,  including  plas- 
minogen activator  inhibitor- 1  (PAI-1),  insulin-like  growth  factors  (IGFs),  epider- 
mal growth  factor  (EGF),  transforming  growth  factor-beta  (TGF-P)  and  leptin, 
may  function  as  tropic  factors,  for  instance  by  supporting  malignant  cell  prolifera- 
tion and  survival  (Khandekar  et  al.  201 1).  IL-6  and  TGF-P  can  also  support  tumor 
vasculature  through  activating  pro- angiogenic  signaling  mediated  by  vascular 
endothelial  growth  factor  (VEGF),  hepatocyte  growth  factor  (HGF),  and  fibroblast 
growth  factors  (FGF-1  and  FGF-2)  (Mueller  and  Fusenig  2004;  Rehman  et  al. 
2004).  In  addition,  obesity-induced  perturbation  of  insulin  sensitivity  signals 
through  adipokines  contributes  to  impaired  insulin  action,  altering  secretion  and 
responsiveness  of  corresponding  organs  to  dietary  nutrients.  The  resultant  hyper- 
insulinemia  act  as  potent  growth  factor  and  also  enhances  the  expression  of  other 
tumor-promoting  factors  such  as  IGFs  (Calle  and  Kaaks  2004). 

The  importance  of  WAT-derived  endocrine  factors  in  promoting  cancer  progres- 
sion has  been  well  supported  by  experimental  models  (Calle  and  Kaaks  2004; 
Khandekar  et  al.  201 1 ;  Nieman  et  al.  201 1).  However,  based  on  the  evidence  of  ASC 
trafficking  in  obesity  (Zhang  et  al.  2010;  Bellows  et  al.  2011a;  Klopp  et  al.  2012) 
and  the  presence  of  adipocytes  within  tumors  (Zyromski  et  al.  2009;  Nieman  et  al. 
201 1),  we  have  proposed  that  paracrine  adipokines  regulation  may  also  take  place. 


15.4    Adipose  Stromal  Progenitor  Cells  and  Their  Potential 
Pathological  Functions 

The  heterogeneous  ASC  population  of  WAT  is  activated  under  ischemic  condition 
and  contributes  to  adipose  tissue  remodeling  and  expansion  (Zhang  et  al.  2010). 
ASC  possess  traits  first  described  for  the  bone  marrow  mesenchymal  stem  cells 
(MSC),  initially  characterized  as  fibroblast  colony-forming  units  (CFU-F)  (Bianco 
et  al.  2008).  These  features  include  the  capacity  to  differentiate  into  mesodermal 
lineages:  osteoblasts,  chondrocytes,  and  adipocytes  and  more  recently  extended  to 
non-mesodermal  origin  (Gimble  et  al.  201 1 ;  Cawthorn  et  al.  2012).  With  the  ease  of 
isolation  and  inherent  multipotency  characteristic  of  ASC,  WAT  emerged  as  an 
attractive  cell  source  for  regenerative  medicine  and  basic  research  (Cawthorn  et  al. 
2012).  To  date,  the  immunophenotypic  signature  of  ASC  remains  controversial, 
largely  due  to  the  heterogeneity  of  this  population.  To  isolate  ASC,  our  group  and 
others  have  utilized  their  plastic  adherence  properties  and  the  CD34-positive  CD45- 
negative  CD31  -negative  (CD34+CD45-CD31-)  immunophenotype  (Traktuev 
et  al.  2008;  Zhang  et  al.  2009).  More  recently,  by  combinatorial  phage  display 
approaches,  a  new  decorin  isoform  has  been  identified  as  a  potential  marker  to  dis- 
tinguish and  enrich  for  ASC  with  progenitor  capacity  (Daquinag  et  al.  201  la). 
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The  ASC  pool  is  expanded  in  obesity  (Maumus  et  al.  2008;  Joe  et  al.  2009)  and 
serves  as  a  major  component  of  SVF  (Zhang  et  al.  2010).  The  main  role  of  ASC  is 
serving  as  progenitors  of  adipocytes.  However,  other  important  functions  have 
been  assigned  to  these  cells,  some  of  which  may  have  pathological  implications. 
One  of  the  key  roles  of  ASC  is  their  involvement  in  vascularization.  Development 
of  functional  blood  vessels  relies  on  orchestrated  assembly  of  pericytes,  EC,  and 
perivascular  matrix  (Song  et  al.  2005;  von  Tell  et  al.  2006).  Through  direct  associa- 
tion with  EC,  pericytes  lend  support  for  formation  of  mature  vasculature  (Gerhardt 
and  Semb  2008).  Pericyte  depletion  in  transgenic  mouse  models  (Song  et  al.  2005) 
or  blockage  of  pericytes  recruitment  by  inhibitors  results  in  increased  vessel  leak- 
age and  impairment  in  patency  (Cooke  et  al.  2012).  The  localization  of  ASC  in 
contact  with  EC  has  revealed  them  as  pericytes/adventitial  cells  (Tang  et  al.  2008; 
Traktuev  et  al.  2008;  Corselli  2011).  The  paracrine  effect  of  perivascular  ASC 
through  secretory  factors  such  as  VEGF,  HGF,  and  TGF-p  is  believed  to  be  critical 
for  modulating  EC  proliferation,  differentiation,  and  survival  (von  Tell  et  al.  2006; 
Gerhardt  and  Semb  2008). 

Another  function  of  ASC  is  the  control  of  tissue  stiffness.  It  is  well  recognized 
that  extracellular  matrix  (ECM)  composition  regulates  cell  survival,  proliferation, 
migration,  and  differentiation  (Levental  et  al.  2009).  Therefore,  the  dynamics  of 
ECM  is  crucial  for  directing  cell  behavior  (Mariman  and  Wang  2010).  As  in  other 
organs,  ECM  in  WAT  is  composed  mainly  of  collagens  and  other  fibrillar  proteins, 
such  as  laminin  and  fibronectin  (Frantz  et  al.  2010;  Mariman  and  Wang  2010). 
Collagen,  the  most  abundant  fibrous  ECM  protein,  is  known  to  be  produced  by  adi- 
pocytes, ASC,  and  other  SVF  cells  (Mariman  and  Wang  2010).  With  increased  adi- 
posity, the  ECM  is  remodeled  with  a  shift  from  fibrillar  to  laminar  ECM  in  adaptation 
to  support  the  increased  lipid  content  resulting  from  adipocyte  hypertrophy  (Henegar 
et  al.  2008;  Mariman  and  Wang  2010).  Several  structural  components  involved  in 
ECM  remodeling  and  inflammation-related  genes  are  found  to  be  upregulated  in 
obesity,  contributing  to  its  increased  fibrosis  (Henegar  et  al.  2008).  Like  bone 
marrow-derived  MSC,  ASC  produce  large  amounts  of  fibronectin  and  collagen 
(Kolonin  et  al.  2012).  Recent  studies  revealed  that  ASC  mediate  ECM  remodeling 
and  enhance  ECM  rigidity  (Chandler  et  al.  2012).  It  has  been  shown  that  cells  dis- 
play higher  invasiveness  with  increased  invadopodia  and  divide  much  more  rapidly 
on  rigid  than  on  compliant  ECM  (Alexander  et  al.  2008;  Ulrich  et  al.  2009). 
Therefore,  the  ASC-enforced  changes  in  ECM  rigidity  may  regulate  cell  migratory 
ability  and  proliferation. 

Finally,  MSC  have  potent  immunomodulatory  properties  (Nauta  and  Fibbe 
2007).  It  has  been  shown  that  ASC  are  immunosuppressive  and  capable  of  atten- 
uating T-cell  function  (Puissant  et  al.  2005).  In  response  to  injury-associated 
factors,  ASC  can  participate  in  resolving  scar  tissue  and  increasing  capillary 
density  (Eto  et  al.  2011).  Clinical  studies  in  myocardial  infarction  models 
demonstrated  improved  cardiac  function  following  human  ASC  engraftment 
(Cai  et  al.  2009). 
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15.5    Evidence  for  ASC  Mobilization  in  Cancer 


Cancer  progression  is  a  multi-step  and  dynamic  process  involving  heterotypic  inter- 
actions between  distinct  cell  populations  (Hanahan  and  Weinberg  201 1).  The  estab- 
lishment of  functional  tumor  microenvironment  relies  on  recruitment  of  cells  locally 
from  adjacent  tissues  and  systemically  from  distant  organs  via  cell  mobilization. 
A  number  of  circulating  cell  populations  with  progenitor  properties  have  been 
described:  hematopoietic  and  endothelial  progenitor  cells,  mature  EC,  monocytic 
fibroblast  progenitors  (also  known  as  fibrocytes),  and  stromal  cells  (Pitchford  et  al. 
2009;  Kolonin  et  al.  2012).  Origins  of  these  cell  populations  have  been  explored  in 
animal  models,  and  bone  marrow  has  been  demonstrated  as  a  source  of  mobilized 
progenitor  cells  in  circulation.  However,  evidence  of  progenitor  cell  mobilization 
from  other  organs  has  also  begun  to  emerge  (Aicher  et  al.  2007).  We  have  proposed 
WAT  as  a  possible  alternative  source  of  circulating  progenitor  cells  (Kolonin  and 
Simmons  2009;  Zhang  et  al.  2010).  Consistent  with  this  possibility,  increased  circu- 
lation of  progenitor  cells  of  not  only  hematopoietic,  but  also  of  mesenchymal  origin 
has  been  detected  in  obesity  (Bellows  et  al.  2011b).  We  hypothesized  that  the 
recruited  cells  may  become  involved  in  supporting  blood  vessel  formation  (Kolonin 
et  al.  2012),  thus  complementing  the  function  previously  assigned  to  circulating  EC 
progenitors  (Laird  et  al.  2008)  and  possibly  the  trafficking  of  progenitors  elevated 
in  obesity  may  explain  the  obesity  paradox:  the  improved  postoperative  healing  in 
obese  patients  (Curtis  et  al.  2005;  Mullen  et  al.  2009).  Interestingly,  in  our  studies, 
systemic  circulation  of  MSC  with  the  ASC  immunophenotype  (CD34-positive)  was 
found  to  be  further  increased  in  cancer  (Bellows  et  al.  201  la).  This  suggested  mobi- 
lization of  ASC  from  WAT  in  response  to  cancer  signals  has  led  to  the  hypothesis 
that  in  cancer  settings,  instead  of  mending  damaged  benign  tissues,  ASC  recruited 
by  tumors  could  affect  cancer  progression. 


15.6    Toward  Mechanisms  Controlling  ASC  Trafficking 


Chronic  inflammation  is  increasingly  recognized  as  a  substantial  constituent  of 
cancer  initiation  and  progression  (Hanahan  and  Weinberg  2011).  In  the  event  of 
obesity,  the  delicate  homeostatic  balance  is  often  tipped  as  a  result  of  expanding 
WAT  with  inadequate  oxygenation,  creating  hypoxic  environment  within  the  organ 
(Bertolini  et  al.  2012).  Expression  of  many  chemokines  is  induced  by  hypoxia, 
which  subsequently  promotes  recruitment  of  macrophages,  mast  cells,  neutrophils, 
lymphocytes,  and  other  leukocyte  populations  to  WAT  (Balkwill  2004).  The  chemo- 
kine  gradient  of  stromal  cell-derived  factor  (SDF-1)  and  its  receptor  (CXCR4) 
appears  to  be  key  in  this  process  (Balkwill  2012).  The  accumulated  WAT  and 
increased  infiltrated  inflammatory  cells  secrete  and  directly  increase  numerous 
inflammatory  factors,  growth  molecules,  and  bioavailability  of  steroid  hormones 
(Sirin  and  Kolonin  2013). 
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Like  other  mesenchymal  progenitors,  ASC  demonstrate  tropism  to  inflammatory 
sites.  In  response  to  ischemic  conditions,  CXCR4  expression  is  augmented  in  ASC 
(Thangarajah  et  al.  2009),  which  may  contribute  to  their  migration.  In  addition, 
chemokine  receptors  CCR1,  CCR4,  CCR7,  and  CXCR5  are  found  to  be  expressed 
on  ASC  and  bone  marrow-derived  MSC,  with  many  induced  by  inflammation  stim- 
uli (Von  Luttichau  et  al.  2005;  Ponte  et  al.  2007;  Klopp  et  al.  2012).  Our  studies 
suggest  that  expression  of  CXCR1  and  CXCR2  on  ASC  may  explain  their  migra- 
tion in  response  to  IL-8  and  CXCL1  secreted  by  endometrial  tumor  cells  (Klopp 
et  al.  2012).  Additional  studies  are  required  to  elucidate  the  complex  signaling  net- 
works involved  in  regulating  ASC  migration  in  cancer. 


15.7    The  Proposed  Roles  of  ASC  in  Cancer 

The  possible  functional  role  of  circulating  progenitor  cells  from  WAT  in  the  context 
of  cancer  has  been  evaluated  in  mouse  models.  In  the  pioneering  study,  mice 
expressing  green  fluorescence  protein  (GFP)  have  been  used  to  demonstrate  the 
positive  effect  of  recruited  ASC  on  tumor  growth  (Zhang  et  al.  2009).  It  has  been 
shown  that  ASC  incorporate  into  tumor  vasculature  likely  by  providing  support  to 
vasculature  integrity,  as  well  as  contributing  to  ECM  remodeling,  hence  enabling 
increased  proliferation  and  survival  of  malignant  cells  (Zhang  et  al.  2009;  Klopp 
et  al.  2012).  While  a  number  of  independent  studies  have  confirmed  this  observation 
(Kidd  et  al.  2012;  Klopp  et  al.  2012),  the  effect  of  ASC  on  tumor  growth  appears  to 
depend  on  the  tumor  model  used  (Ra  et  al.  201 1).  The  current,  largely  hypothetical, 
mechanisms  through  which  ASC  could  contribute  to  tumor  growth  are  summarized 
in  Fig.  15.2. 

Studies  from  several  groups  have  suggested  that  ASC  may  serve  as  cancer- 
associated  fibroblasts  and  contribute  to  "reactive  stroma"  (Kolonin  et  al.  2012). 
Studies  on  fibroblasts  from  cancerous  and  noncancerous  tissues  revealed  remark- 
able differences  (Olumi  et  al.  1999;  Mueller  and  Fusenig  2004).  In  normal  physio- 
logical condition,  fibroblasts  exhibit  low  metabolic  activity  with  minimal 
proliferative  capacity  (Xouri  and  Christian  2010).  However,  cancer-associated 
fibroblasts  (CAF)  acquire  pronounced  contractile  features  and  express  higher 
amount  of  chemokines,  matrix  metalloproteinases  (MMPs),  and  ECM  components 
(Mueller  and  Fusenig  2004).  Similar  to  myofibroblasts,  CAF  express  increased 
level  of  a-Smooth  Muscle  Actin  (a-SMA),  desmin,  fibroblast  activation  protein 
(FAP),  and  intermediate  filament  Vimentin  (Xouri  and  Christian  2010;  Kolonin 
et  al.  2012).  The  active  contribution  of  CAF  to  cancer  progression  has  been  attrib- 
uted to  them  providing  supportive  structural  foundation,  serving  as  additional  onco- 
genic signals  by  secreting  and  modulating  the  ECM  components  that  foster  cancer 
cell  proliferation  and  invasion  (Karnoub  et  al.  2007).  In  mouse  models,  potent 
tumor-promoting  properties  have  been  demonstrated  for  CAF  when  those  were 
mixed  with  cancer  cells  or  initiated  nontumorigenic  epithelial  cells  (Olumi  et  al. 
1999;  Karnoub  et  al.  2007).  Furthermore,  CAF  appear  to  confer  chemoresistance  to 
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Fig.  15.2  Proposed  tumor-promoting  functions  of  ASC-derived  cells.  ASC  contribute  to  different 
cell  lineages  in  response  to  signaling  cues.  The  endothelial  and  pericytes  enhance  tumor  vascula- 
ture development  through  direct  incorporation  into  lumen  of  tumor  vessel  or/and  provide  growth 
factors.  The  adipocytes  and  CAF  secret  pro-inflammatory  cytokines  and  growth  factors  and  modu- 
late tumor  ECM.  The  collective  growth- stimulating  and  anti-apoptotic  effect  of  these  cells  promote 
tumor  development 

tumors  through  decreasing  uptake  of  chemotherapeutic  drugs  (Loeffler  et  al.  2006) 
and  inducing  nuclear  factor-KB  (NF-KB)-regulated  anti-apoptotic  cascades  (Loeffler 
et  al.  2006).  Although  the  ontogeny  of  CAF  remains  controversial,  as  shown  in 
Fig.  15.3,  they  may  originate  from  several  cell  types,  including  normal  tissue- 
resident  fibroblasts  and  infiltrating  monocytes  (Cirri  and  Chiarugi  2011;  Kolonin 
et  al.  2012).  In  response  to  tumor- secreted  soluble  factors  such  as  TGFp  (Kalluri 
and  Weinberg  2009),  tissue-resident  cells  may  also  undergo  the  epithelial- 
mesenchymal  transition  (EMT)  (Kalluri  and  Zeisberg  2006;  Kalluri  and  Weinberg 
2009;  Kolonin  et  al.  2012)  or  endothelial-mesenchymal  transition  (Cirri  and 
Chiarugi  201 1)  and  contribute  to  the  CAF  pool.  Based  on  studies  by  us  and  others, 
tumor  myofibroblasts  origination  from  ASC  has  been  proposed  (Zhang  et  al.  2009; 
Kidd  et  al.  2012;  Klopp  et  al.  2012;  Kolonin  et  al.  2012).  As  further  evidence  of 
ASC  serving  as  CAF,  upon  tumor  homing  ASC  acquire  myofibroblast  phenotype 
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Fig.  15.3  Possible  origins  of  cancer- associated  fibroblasts.  CAF  may  be  derived  from  distinct 
cells  recruited  from  different  organs  (bone  marrow,  WAT,  and  others),  as  well  as  from  tumor  cells 
by  trans-differentiation  processes:  epithelial-mesenchymal  transition  and  endothelial-mesenchymal 
transition 

with  increased  contractility,  as  well  as  higher  expression  of  oc-SMA  and  ECM  pro- 
teins that  modulate  tumor  rigidity  (Chandler  et  al.  2012;  Kidd  et  al.  2012).  While 
animal  model  data  continues  to  build,  the  extent  of  ASC  contribution  to  the  CAF 
pool  in  different  types/stages  of  cancer  in  patients  remains  unknown. 


15.8    ASC  and  Tumor  Vasculature 

Tumor  growth  and  progression  relies  on  its  vasculature  that  enables  efficient  oxy- 
genation, nutrient  transport,  removal  of  waste,  and  recruitment  of  cells  shaping 
tumor  microenvironment  (Hanahan  and  Weinberg  2011).  Blood  vessels  are  com- 
posed of  endothelial  cells  as  well  as  smooth  muscle  cells  and  pericytes  wrapping 
around  the  endothelium  and  adding  stability  to  the  vasculature  (Gerhardt  and  Semb 
2008).  However,  tumor  vascular  trees  are  often  tortuous,  flawed,  and  leaky  with 
abnormalities  in  the  arrangement  of  EC,  pericytes,  and  the  basement  membrane 
(Jain  2005).  As  a  result  of  compromised  perfusion,  delivery  of  drugs  to  tumor  cells 
is  often  jeopardized  (Jain  2005). 

The  ability  of  WAT-derived  cells  to  stimulate  tumor  neovascularization  has  been 
supported  by  a  number  of  recent  studies  (Zhang  et  al.  2009;  Kidd  et  al.  2012;  Klopp 
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et  al.  2012).  While  adipose  EC  can  directly  incorporate  into  the  lumen  of  tumor 
vasculature  (Zhang  et  al.  2009),  ASC  acquire  perivascular  localization  in  tumors. 
Circulation  of  EC  is  increased  in  cancer  (Asahara  et  al.  2011);  however,  the  origin 
and  identification  of  endothelial  progenitor  cells  remain  elusive  (Timmermans  et  al. 
2009).  WAT  has  been  proposed  as  one  of  their  sources  (Zhang  et  al.  2009;  Kidd 
et  al.  2012;  Klopp  et  al.  2012).  Recent  studies  demonstrate  association  of  obesity 
with  increased  circulation  of  progenitors  with  ASC  properties,  suggesting  that  WAT 
may  serve  a  source  of  cells  contributing  to  pericytes  in  tumor  vasculature.  ASC 
secrete  angiogenic  factors  such  as  HGF,  VEGF,  and  fibroblast  growth  factor  known 
to  promote  blood  vessel  formation  (Traktuev  et  al.  2008),  which  is  expected  to 
enhance  survival,  proliferation,  and  sprouting  of  EC  in  tumors.  The  apparent  vascu- 
logenic  role  of  ASC  is  possibly  their  most  important  cancer-promoting  attribute. 
Other  inherent  characteristics  of  ASC,  such  as  immunomodulation  and  adipocyte 
differentiation,  may  also  contribute  to  cancer  progression. 


15.9    ASC  Targeting  as  an  Approach  to  Cancer  Therapy 

As  discussed  above,  the  interplay  of  ASC  with  tumor  components  appears  to  be 
critical  for  cancer  progression.  The  paracrine  ASC  signaling  is  likely  to  be  an 
important  mechanistic  contributor  to  obesity  effect  on  cancer.  Accumulating  data 
indicate  an  essential  role  of  ASC  in  modulating  various  aspects  of  cancer  progres- 
sion, including  metastasis  (Kidd  et  al.  2012;  Klopp  et  al.  2012).  As  shown  in 
Fig.  15.2,  ASC  may  contribute  to  tumor  ECM,  stroma,  and  mediate  diverse  effects 
such  as  providing  growth  stimulatory  signals,  as  well  as  activate  immunomodula- 
tory and  pro-angiogenic  cascades  (Zhang  et  al.  2010;  Eto  et  al.  2011).  The  depen- 
dence of  tumor  on  its  stromal  microenvironment  makes  targeting  stroma  a  potentially 
attractive  therapy  (Mueller  and  Fusenig  2004).  Direct  targeting  of  stromal  cell 
recruitment  factors,  such  as  PDGFRoc  (Anderberg  et  al.  2009)  and  PDGFRp  (Cooke 
et  al.  2012),  results  in  reduced  tumor  growth.  Consistently,  genetic  ablation  of 
PDGFRp  or  use  of  tyrosine  kinase  inhibitors  results  in  smaller  tumors. 

Because  ASC  appear  to  serve  as  CAF  (Fig.  15.3),  some  of  these  effects  could  be 
due  to  ASC  inhibition.  Currently,  there  are  no  tools  to  specifically  deplete  ASC  and 
their  development  is  much  anticipated.  Specific  tissue-homing  peptide  coupled  to 
pro-apoptotic  peptide  such  as  (KLAKLAK)2  have  been  used  to  target  WAT  endothe- 
lium (Kolonin  et  al.  2004).  Similar  approaches,  based  on  ASC  markers  being  uncov- 
ered (Daquinag  et  al.  2011a),  could  potentially  be  developed  for  targeted  depletion 
of  ASC  in  WAT  or/and  in  tumors.  As  chemotaxis  appears  to  be  involved  in  ASC 
migration  (Klopp  et  al.  2012),  their  modulation  by  pharmacological  agents  could  be 
employed  to  disrupt  ASC  tumor  recruitment.  Inhibition  of  key  chemokine  gradients 
has  been  shown  to  inhibit  cancer  progression  (Phillips  et  al.  2003;  Kucia  et  al.  2004; 
Acharyya  et  al.  2012).  While  inhibitory  effects  have  been  attributed  to  suppressed 
migration  of  cancer  cells,  complementary  incapacitation  of  tumor  microenviron- 
ment components,  such  as  ASC,  has  not  been  ruled  out.  In  accordance  with  the 
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proposed  involvement  of  CXCL1/IL-8  in  ASC  migration  (Klopp  et  al.  2012),  inter- 
fering with  the  corresponding  chemokine  axis  by  specific  inhibitors  might  be  sought 
to  inactivate  ASC  trafficking.  However,  as  most  known  chemokine  gradients  are 
implicated  in  trafficking  of  several  cell  populations,  their  inhibition  is  not  expected 
to  be  ASC-specific.  In  addition,  a  cautionary  note  is  that  the  concept  of  ASC  target- 
ing may  represent  a  double-edged  sword  for  cancer  patients.  As  turns  out  to  be  the 
case  for  vascular  disrupting  agents,  crippling  tumor  vasculature  potentially  makes 
chemotherapy  less  efficient  (Jain  1997,  2005)  and  a  similar  scenario  is  expected  for 
ASC  targeting.  Another  arising  concern  is  increased  cancer  aggressiveness  poten- 
tially resulting  from  tumor  vasculature  inhibition  (Kerbel  2008;  Kerbel  et  al.  2008). 
Moreover,  increased  metastatic  dissemination  has  been  associated  with  pericyte 
depletion  in  experimental  mouse  models  (Gerhardt  and  Semb  2008;  Cooke  et  al. 
2012),  therefore  specific  caution  will  need  to  be  taken  for  advanced  cancer  cases. 

While  depletion  of  ASC  may  have  therapeutic  benefits,  another  reason  why  this 
cell  population  may  be  relevant  in  cancer  medicine  relates  to  their  inherent  tumor- 
homing  capacity.  In  this  regard,  the  potential  of  ASC  to  serve  as  vehicles  for  agent 
delivery  (Kucerova  et  al.  2007)  could  be  exploited  for  therapeutic  tumor  targeting. 
The  use  of  genetically  modified  bone  marrow  MSC  expressing  anti-tumor  interleu- 
kins  has  been  explored  (Studeny  et  al.  2004;  Loebinger  et  al.  2009)  and  similar 
approaches  have  shown  successful  for  ASC  (Kucerova  et  al.  2007).  Delivery  of 
cytotoxic  agents  with  ASC  to  tumors  could  facilitate  treatment  efficacy  and  reduce 
its  off-site  toxicity.  Because  the  dynamic  function  of  ASC  may  be  both  beneficial 
and  potentially  pro-tumorigenic,  special  caution  should  be  implemented  with  clini- 
cal use  of  ASC  (Bertolini  et  al.  2012). 


15.10    Conclusions  and  Future  Directions 

The  studies  discussed  in  this  chapter  indicate  a  previously  overseen  role  of  WAT  in 
cancer  development  and  progression.  In  addition  to  serving  as  a  source  of  endocrine 
adipokines,  WAT  is  a  source  of  ASC,  the  migratory  cells  whose  paracrine  contribu- 
tion to  the  tumor  microenvironment  appears  to  be  important.  Despite  the  progress  in 
understanding  of  the  mechanisms  linking  obesity  and  cancer  via  ASC  trafficking, 
challenges  and  difficulties  remain.  This  is  largely  due  to  the  lack  of  definitive  cell 
surface  markers  for  the  cell  populations  activated  in  cancer,  as  well  as  their  plastic- 
ity and  heterogeneity.  At  this  point,  the  spectrum  of  circulating  progenitor  cells, 
their  tissue  origins,  and  their  functional  roles  in  cancer  progression  remain  largely 
unclear.  To  overcome  the  current  limitation,  development  of  standard  criteria  for 
enumeration  of  ASC  among  other  cell  populations  in  WAT,  peripheral  circulation, 
and  tumors  is  imperative.  Despite  these  uncertainties,  the  accumulating  data  indi- 
cate that  adipose  progenitor  cells  are  capable  of  infiltrating  tumor,  and  promoting 
cancer  progression,  which  may  partially  account  for  the  association  of  obesity  with 
increased  cancer  progression. 
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Chapter  16 

Adipose-Derived  Endothelial  Precursor  Cells 
Supporting  Tumor  Growth 

Patrizia  Mancuso,  Ines  Martin-Padura,  and  Francesco  Bertolini 


Abstract  It  has  been  recently  found  that  the  human  white  adipose  tissue  (WAT), 
similarly  to  neoplasia,  shows  in  vivo  a  robust  angiogenic  switch  when  the  growth 
rate  exceeds  a  given  expansion  threshold.  When  compared  to  the  bone  marrow 
(BM),  human  WAT  contains  significantly  more  CD45~CD34+  progenitors  that 
express  high  levels  of  angiogenesis-related  genes  and  can  generate  in  culture  endo- 
thelial cells  and  tubes  as  efficiently  as  mesenchymal  cells.  We  recently  reported  that 
human  WAT  CD45~CD34+  progenitors  obtained  from  lipotransfer  procedures  con- 
tributed to  tumor  vascularization  and  significantly  increased  tumor  growth  and 
metastases  in  several  orthotopic  models  of  human  breast  cancer.  In  another  recent 
study,  321  consecutive  patients  operated  for  primary  breast  cancer  who  subse- 
quently underwent  a  lipotransfer  procedure  were  compared  with  two  matched 
patients  with  similar  characteristics  who  did  not  undergo  lipotransfer.  In  this  retro- 
spective study,  the  lipotransfer  group  exhibited  a  higher  risk  of  local  events  com- 
pared to  the  controls.  A  second  data  revision  after  prolonged  follow-up  confirmed 
this  significant  difference.  It  seems  urgent  to  clarify  which  WAT  cell  populations 
can  be  used  safely  for  tissue/organ  reconstruction  in  cancer  patients  and  what  have 
the  potential  for  reactivating  dormant  tumor  cells. 

Keywords  Cancer  •  Angiogenesis  •  Adipose  tissue  •  Progenitor  cell  •  Endothelial 
cells 


P.  Mancuso  •  I.  Martin-Padura  •  F.  Bertolini,  M.D.,  Ph.D.  (M) 
Laboratory  of  Hematology-Oncology,  European  Institute  of  Oncology, 
via  Ripamonti  435,  20141  Milan,  Italy 
e-mail :  francesco .bertolini  @  ieo .it 


Y.  Cao  (ed.),  Angiogenesis  in  Adipose  Tissue,  DOI  10.1007/978-l-4614-8069-3_16,  339 
©  Springer  Science+Business  Media  New  York  2013 


340 


P.  Mancuso  et  al. 


16.1  Introduction 

The  role  of  bone  marrow  (BM)-derived  endothelial  progenitor  cells  (EPCs)  in  can- 
cer growth  has  been  intensively  debated  in  the  last  decade.  Donor-derived  endothe- 
lial cells  have  been  found,  albeit  in  limited  number,  in  patients  who  received 
allogeneic  BM  transplants.  Some  investigators  found  a  crucial  and  quantitatively 
relevant  role  for  BM-derived  vessels  in  the  early  phases  of  cancer  growth  in  some 
preclinical  models  of  neoplasia;  some  others  failed  to  find  any  significant  role  for 
BM-derived  EPCs  in  cancer  vessels  and  in  cancer  development  in  several  other 
preclinical  models  (reviewed  in  Bertolini  et  al.  2009).  One  study  has  recently 
described  that  EPCs  are  present  in  tissues  other  than  the  BM,  and  in  particular  in  the 
adipose  tissue  of  mice  (Grenier  et  al.  2007).  Along  this  line,  we  have  recently 
described  that  the  human  WAT  is  a  very  rich  reservoir  of  CD45~CD34+  EPCs,  and 
investigated  their  role  in  several  in  vivo  models  of  breast  cancer  growth  and  metas- 
tases (Martin-Padura  et  al.  2012). 

16.2  CD34+  Cell  Purification  from  Lipotransfer  Samples 

Human  WAT  samples  were  obtained  from  lipotransfer  procedures  for  breast  recon- 
struction in  breast  cancer  patients  who  signed  an  informed  consent.  Most  of  these 
procedures  involved  WAT  collection  from  the  abdomen. 

Stromal-vascular  cell  fractions  were  obtained  after  collagenase  digestion 
(HBSS,  Gibco)  containing  2  mg/mL  of  collagenase  type  I  (Sigma  Aldrich)  and 
3.5  %  bovine  serum  albumin  (BSA;  Sigma  Aldrich)  at  37  °C  with  constant  shaking 
for  60  min.  The  digestion  was  blocked  with  RPMI  1640  supplemented  by  20  % 
FBS  (Euroclone),  0.3  and  a  cell  pellet  was  obtained  by  centrifugation  at  200  xg  for 
10  min  at  4  °C  (Lohsiriwat  et  al.  2011;  Petit  et  al.  2010;  Sengenes  et  al.  2005). 

CD34+  cells  were  purified  from  WAT  samples  by  means  of  anti-CD34  micro- 
beads  (Miltenyi  Biotec)  according  to  the  manufacturer's  instructions.  Final  CD34+ 
cell  purity  was  evaluated  by  flow  cytometry  and  found  in  each  instance  to  be  more 
than  95  %.  Overall,  113  human  WAT  samples  were  studied  in  vitro,  and  38  of 
these  were  used  to  provide  CD34+  cells  that  were  used  in  124  different  individual 
mouse  studies.  CD34+  cells  obtained  from  WAT  were  investigated  by  flow  cytometry, 
gene  expression  analysis,  culture,  and  in  vivo  studies. 

16.3  Flow  Cytometry  Studies  Showed  That  WAT  Are  Very 
Rich  Reservoirs  of  CD45CD34+  Cells 

By  means  of  six-color  flow  cytometry  and  following  an  approach  recently  validated 
for  the  quantification  of  circulating  EPCs  and  perivascular  progenitors  (Mancuso 
et  al.  2009,  2011),  we  enumerated  the  numbers  of  EPCs  and  other  subsets  of  pro- 
genitors in  the  bone  marrow  and  in  WAT  of  humans.  In  Table  16.1  the  list  of 
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Table  16.1  Monoclonal  antibodies  used  in  the  study 


JvloAb 

rluorocnrome 

Clone 

Supplier 

CD45 

APC-Cy7 

2D1 

BD 

CD34 

APC 

8G12 

BD 

Pe-Cy7 

CD31 

Pe-Cy7 

L133.1 

BD 

CD13 

APC 

WM15 

BD 

CD10 

APC 

HlOa 

BD 

CD  140b 

PE 

28D4 

BD 

CD29 

PE 

MAR4 

BD 

CD90 

PE 

5E10 

BD 

VEGFR-2 

PE 

89106 

R&D 

VEGFR-3 

PE 

54733 

R&D 

CD44 

APC 

BJ18 

Bio-Legend 

CD  144 

PE 

TEA  1/31 

Beckman-Coulter 

7-AAD 

Sigma 

Sytol6 

FITC 

Invitrogen 

monoclonal  antibodies  used  is  reported.  The  nuclear  staining  Sytol6  was  used  to 
discriminate  between  DNA  containing  cells,  platelets,  and  cell  debris,  while 
7-amino-actinomycin  D  (7-AAD)  to  determine  the  viability  status  of  the  cells. 
The  absolute  count  of  CD45~CD34+  cells  was  obtained  using  reference  beads  in 
Trucount  tubes  (BD). 

WAT  was  found  to  contain  a  large  amount  of  CD45~CD34+  cells  that  fulfill  the 
most  recent  criteria  for  EPC  identification  (Hirschi  et  al.  2008;  Yoder  and  Ingram 
2009;  Bertolini  et  al.  2009).  These  CD45-CD34+  cells  included  two  subpopulations: 
CD34++CD13+CD140b+CD44+CD90++  cells  and  CD34+CD31+CD140b-  cells 
(Fig.  16.1a— j).  The  immunomagnetic  purification  procedure  used  in  the  study  led  to 
a  cell  population  which  included  79-96  %  of  CD45-CD34++CD13+CD140b+CD44+ 
CD90++  cells  and  2-18  %  of  CD45-CD34+CD31+CD105+  cells.  CD34~  cells  always 
made  up  less  than  5  %  of  the  purified  cell  population. 

Quantitative  studies  showed  that  WAT  contains  about  263-fold  more  CD45~CD34+ 
EPCs/mL  than  bone  marrow  obtained  from  disease-free  patients  undergoing  a  fol- 
low-up involving  bone  marrow  investigation  for  hematologic  or  solid  neoplasia 
(n  =  32).  In  particular,  median  WAT  CD45-CD34+CD31-  cells  were  181,046/mL 
(range,  35,970^65,357)  and  CD45-CD34+CD31+  cells  were  76,946/mL  (range, 
13,982-191,287).  Correlations  were  found  between  the  body  mass  index  and  total 
CD34+  cells  (r=0.608,  P<0.001)  and  between  WAT  donor  age  and  total  CD34+ 
cells  (r= 0.387). 

We  also  found  CD45+CD34+  hematopoietic  progenitor  cells  in  WAT  (median 
6,141/mL,  range  <1— 161,338).  On  average,  WAT  contained  87  times  less 
CD45+CD34+  hematopoietic  progenitor  cells/mL  than  did  bone  marrow.  The  pres- 
ence of  hematopoietic  progenitors  in  WAT  was  confirmed  by  culture  studies,  where 
a  mean  of  1.4 ±0.2  granulocyte  macrophage  colony-forming  units  and  3.4 ±1.8 
BFU-E/105  seeded  cells  were  obtained  from  WAT  tissue. 
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Fig.  16.1  Flow  cytometry  evaluation  and  enumeration  of  CD45~CD34+  cells  in  human  WAT. 
Representative  evaluation  of  CD45~CD34+  cells  in  human  WAT  tissue  from  lipotransfer  proce- 
dures, (a-d)  The  gate  used  to  investigate  CD34+CD45"  cells,  DNA  (Sytol6)+  viable  (7-AAD-) 
cells,  (e)  The  negative  controls,  (f-j)  The  expression  of  CD31,  CD140b,  CD44,  CD90,  CD13, 
CD144,  VEGFR-2,  VEGFR-3,  CD133,  and  CD117  in  the  DNA  (Sytol6)+  viable  (7-AAD-) 
CD34+CD45-  WAT  cells 


16.4    WAT  CD34+  Cells  Express  Sternness-Related  Genes 
and  Very  High  Levels  of  Angiogenesis-Related  Genes 

CD34+  cells  from  human  WAT  were  purified  and  their  gene  expression  profile  com- 
pared (by  Affymetrix  human  gene  1 .0  ST)  with  that  of  purified  bone  marrow  CD34+ 
cells  mobilized  in  the  blood  of  healthy  donors  by  G-CSF  administration  (n  =  5  per 
study  arm).  Data  were  confirmed  by  qRT-PCR  (Martin-Padura  et  al.  2012). 

RNA  isolation  was  carried  out  using  QIAmp  RNA  Blood  Mini  Kit  (Qiagen)  and 
cDNA  was  generated  from  40  ng  of  RNA  using  the  high-capacity  cDNA  reverse 
transcription  kit  (Applied  Biosy stems);  quantitative  real-time  PCR  (qRT-PCR)  was 
carried  out  with  an  ABI  Prism  700  platform  as  previously  described  (Rabascio  et  al. 
2004)  using  primers  and  probes  from  the  TaqMan  Gene  Expression  Assay. 
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For  microarray  analysis,  synthesis  of  labeled  targets,  array  hybridization 
(Affymetrix  GeneChip  Gene  ST  1.0  Human  array;  Affymetrix),  staining,  and  scan- 
ning were  carried  out  according  to  Affymetrix  standard  protocols,  starting  from 
500  ng  of  total  RNA.  Duplicate  microarrays  were  hybridized  with  each  DNA  sam- 
ple. The  MAS 5  algorithm  was  used  to  determine  the  expression  levels  of  mRNAs; 
the  absolute  analysis  was  carried  out  using  default  parameters  and  scaling  factor 
500.  Report  files  were  extracted  for  each  microarray  chip  and  performance  of 
labeled  target  was  evaluated  on  the  basis  of  several  values  (e.g.,  scaling  factor,  back- 
ground and  noise  values,  percentage  of  present  calls,  and  average  signal  value).  The 
data  were  deposited  at  GEO  (GSE31415). 

When  compared  with  bone  marrow-derived  CD34+  cells  human  WAT  CD34+ 
cells  expressed  significantly  higher  levels  of  genes  associated  with  angiogenesis 
(e.g.,  VEGFR-1  and  -2,  NRP1,  TEK,  VE-Cadherin,  VCAM-1,  and  ALK1),  adipo- 
genesis  (e.g.,  LPL,  FABP4,  and  PPARG),  and  endothelial  and  mesenchymal  (e.g., 
RGS5,  insulin-like  growth  factor  I,  and  platelet-derived  growth  factor  receptor  p) 
differentiation.  A  large  majority  of  the  panel  of  genes  associated  with  sternness 
(e.g.,  SOX2,  LIF,  WNT3A,  and  Nanog)  and  hematopoiesis  (e.g.,  RUNX,  IL-6, 
and  CSF-1)  were  expressed  in  WAT  and  bone  marrow-derived  CD34+  cells  at 
similar  levels. 


16.5    WAT  CD34+  Cells  Generate  Mature  Endothelial  Cells 
and  Capillary  Tubes 

When  cultured  in  vitro  in  appropriate  endothelial-differentiation  media,  human 
WAT-derived  CD34+  cells  generated  mature  endothelial  cells. 

In  brief,  cells  were  plated  in  complete  EBM-2  medium  (Lonza)  in  12-  or  24-well 
plates  precoated  with  rat  tail  collagen  I.  Plates  were  placed  in  a  37  °C,  5  %  C02 
humidified  incubator.  The  seeding  density  ranged  from  50  x  103  to  500  x  103  cells. 
The  presence  of  ECs  and  colonies  was  assessed  using  an  inverted  microscope.  After 
3-7  days  of  culture,  endothelial  cell  colonies  were  identified  morphologically  and 
were  subsequently  picked  out  using  cloning  rings.  Fibroblast  contamination  was 
avoided  by  depleting  them  from  cell  suspensions  with  the  Anti-Fibroblast  Microbead 
kit  (Miltenyi).  Endothelial  cell  surface  antigen  expression  was  assessed  by  flow 
cytometry  and  immunofluorescence  staining  of  VE-Cadherin  was  done  as  previ- 
ously described  (Rabascio  et  al.  2004;  Corada  et  al.  2001). 

Endothelial  capillary  tubes  were  also  generated  using  the  appropriate  culture 
procedure  in  Matrigel.  Briefly,  matrix  solution  was  thawed  on  ice,  seeded  on  24-well 
plates,  and  incubated  at  37  °C  to  solidify.  ECs  were  harvested,  resuspended  in  com- 
plete media,  seeded  at  a  final  concentration  of  5  x  104  cells  per  cell  onto  the  polym- 
erized Matrigel,  and  incubated  at  37  °C  in  a  tissue  incubator.  After  17  h,  tube 
formation  was  inspected  under  an  inverted  light  microscope  at  x20  magnification. 
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16.6    The  Coinjection  of  Human  WAT  CD34+  Cells  from 

Lipotransfer  Procedures  Significantly  Increases  Tumor 
Growth  and  Metastases  in  Breast  Cancer  Models 

To  examine  the  in  vivo  involvement  of  CD34+  WAT  cells  in  promoting  tumor  growth 
in  female  NSG  mice  two  separate  studies  were  conducted.  First  of  all,  the  role  of 
purified  CD34+  cells  from  human  WAT  was  investigated  in  bilateral  and  monolat- 
eral  studies. 

In  bilateral  studies  lxlO6  MDA-MB-436  or  HCC1937  (triple-negative  human 
breast  cancer  cell  line)  were  coinjected  with  2  x  105  human  CD34+  WAT  cells  in  one 
of  the  lateral  mammary  fat  pads  of  NSG  mice  (N=  124),  with  the  contralateral  mam- 
mary fat  pad  injected  with  breast  cancer  cells  alone  as  control  (Shultz  et  al.  2007; 
Agliano  et  al.  2008). 

In  monolateral  studies  a  total  of  1  x  106  MDA-MB-436  or  HCC1937  cells  were 
injected  into  the  right  fourth  mammary  fat  pad  and  1  x  106  MDA-MB-436  or 
HCC1937  cells  were  coinjected  with  2x  105  human  CD34+  WAT  cells  into  the  left 
fourth  mammary  fat  pad  of  the  same  mouse. 

In  both  sets  of  studies,  tumors  were  measured  weekly  using  digital  calipers  and 
tumor  volume  was  calculated  according  to  the  formula:  Lx  W2/2=mm3. 

Breast  cancer  cells  generated  tumors  in  the  mammary  fat  pad.  Purified  human 
CD34+  WAT  cells,  when  injected  in  the  mammary  fat  pad  in  the  absence  of  tumor 
cells,  did  not  generate  tumors.  The  coinjection  of  breast  cancer  cells  and  unpro- 
cessed nucleated  cells  from  human  WAT  significantly  increased  tumor  growth.  The 
coinjection  of  breast  cancer  cells  and  purified  CD34+  WAT  cells  increased  tumor 
growth  to  a  similar  extent,  suggesting  that  the  large  majority  of  the  tumor-promoting 
activity  in  human  WAT  cells  reside  in  the  CD34+  WAT  cell  fraction.  The  coinjection 
of  CD34"  WAT  cells  was  less  effective  than  the  coinjection  of  CD34+  WAT  cells  in 
promoting  tumor  growth. 

Tumor  growth  was  slightly  (albeit  not  significantly)  higher  in  bilateral  studies 
compared  with  monolateral  studies.  These  data  suggest  that  human  WAT  CD34+ 
cells  exert  most  (if  not  all)  of  their  tumor-promoting  activity  locally  and  not  via 
soluble  factors  that  are  released  in  circulation,  which  would  also  have  promoted  the 
growth  of  tumors  in  the  opposite  mammary  fat  pad  that  was  not  coinjected  with 
human  WAT  CD34+  cells. 

Similar  results  were  obtained  in  NSG  mice  injected  with  HCC1937  breast  cancer 
cells  alone,  or  in  combination  with  human  CD34+  WAT  cells.  Histology  studies 
ruled  out  the  possibility  that  the  larger  size  of  tumors  in  animals  coinjected  with 
CD34+  WAT  cells  was  due  to  the  generation  of  adipocytes. 

In  this  model  of  breast  cancer,  lung  metastases  were  observed  around  day  70. 
The  number  of  lung  metastases  was  significantly  increased  in  mice  coinjected  with 
breast  cancer  and  CD34+  WAT  cells  compared  with  mice  injected  with  breast  cancer 
cells  alone  or  mice  injected  with  breast  cancer  cells  and  CD34"  WAT  cells. 

In  another  model  of  breast  cancer  metastasis,  MDA-MB-436  breast  cancer  cells 
were  injected  into  the  mammary  fat  pad  of  NSG  mice  to  produce  orthotopic  primary 
tumors.  When  the  tumor  size  was  200-250  mm3,  that  is,  about  45  days  after  tumor 
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implant,  the  tumor  was  surgically  removed.  Mice  were  then  divided  into  an  experi- 
mental group  in  which  CD34+  WAT  cells  were  injected  and  a  control  group  without 
WAT  cell  injection.  After  2  months,  mice  injected  with  CD34+  WAT  cells  had  sig- 
nificantly more  axillary  and  lung  metastases,  compared  with  mice  injected  with 
CD34~  cells  and  controls. 

Immunohistochemistry  and  confocal/Z-stack  microscopy  studies  showed  the 
presence  of  human  CD31+,  CD34+,  CD105+  endothelial  vessels,  and  perivascular 
cells  in  the  mammary  fat  pad  and  in  tumors  of  mice  coinjected  with  breast  cancer 
cells  and  CD34+  human  WAT  cells.  Confocal  microscopy  confirmed  the  presence  of 
a  lumen  and  of  circulating  red  blood  cells  in  human  CD34+  and  CD31+  vessels  in 
mice  injected  with  human  CD34+  WAT  cells.  We  were  never  able  to  observe  this 
effect  in  our  previous  studies  using  bone  marrow-derived  cells;  consequently,  these 
results  show  an  important  bona  fide  functional  difference  between  WAT-  and  bone 
marrow-derived  progenitors. 


16.7  Discussion 

Our  data  offer  new  insight  into  the  controversy  about  the  quantitative  and  the  cata- 
lytic role  of  EPCs  in  cancer  growth.  All  previous  studies  investigating  this  topic 
enumerated  the  role  of  EPCs  in  mice  carrying  GFP+  (or  otherwise  genetically 
labeled)  BM.  This  approach  excluded  the  quantification  of  the  role  of  WAT-derived 
EPCs,  that  in  our  work  were  found  to  be  in  numbers  significantly  higher  than  in  the 
BM.  Moreover,  the  present  array  studies  indicate  that  WAT-derived  CD34+  cells 
express  significantly  higher  levels  of  angiogenesis-related  genes  compared  to 
BM-derived,  mobilized  CD34+  cells. 

To  our  knowledge,  our  study  is  one  of  the  first  reporting  about  the  tumor-promoting 
activity  of  fresh  human  WAT-derived  purified  CD34+  cells.  As  shown  by  our  data  in 
mice  receiving  breast  cancer  and  WAT  cells  only  in  one  of  the  two  mammary  fat  pads 
and  breast  cancer  cells  alone  in  the  other  mammary  fat  pad,  the  cancer  promoting 
activity  of  WAT  CD34+  cells  is  likely  to  be  exerted  through  a  local,  rather  that  sys- 
temic, activity.  These  data  nicely  complement  the  recent  observation  from  the 
Kolonin  laboratory  (Corada  et  al.  2001)  that  in  mouse  models  WAT  cells  are  mobi- 
lized and  recruited  by  experimental  tumors  to  promote  cancer  progression  (Fig.  16.2). 

A  novel  brain/adipocyte-BDNF/leptin  axis  has  been  recently  proposed  to  play  a 
potentially  relevant  role  in  cancer  progression  (Rabascio  et  al.  2004).  WAT-derived 
CD34+  progenitors  express  high  levels  of  the  receptors  involved  in  this  axis.  Along 
a  similar  line,  WAT  CD34+  cells  express  very  high  levels  of  FAP-alpha,  a  crucial 
suppressor  of  antitumor  immunity  (Purhonen  et  al.  2008). 

Finally,  our  data  suggest  caution  about  the  clinical  use  of  lipotransfer-derived 
WAT  cells  for  tissue  reconstruction  in  patients  with  cancer.  We  have  recently 
reported  a  study  of  321  consecutive  patients  operated  for  a  primary  breast  cancer 
between  1997  and  2008  who  subsequently  underwent  a  lipotransfer  procedure  for 
esthetical  purpose,  compared  with  two  matched  patients  with  similar  characteristics 
who  did  not  undergo  lipotransfer  (Petit  et  al.  2012).  In  this  study,  the  lipotransfer 
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Fig.  16.2  Orthotopic  models  of  breast  cancer,  (a)  Confocal  laser- scanning  of  human  CD34  anti- 
gen distribution  in  a  tumor  section  in  mice  injected  with  MDA-MB-436  tumor  cells  plus  WAT- 
derived  CD34+  human  cells.  For  the  imaging  of  the  red  cells  the  561  laser  line  was  used  and  the 
auto-fluorescence  of  the  cells  was  collected.  Snapshot  images  are  orthogonal  sections  of  the 
z-stacks  taken  at  points  along  the  vessel  cavity,  (b)  Tumor  growth  in  NSG  mice  injected  with  WAT 
CD34+  cells  alone,  MDA-MB-436  cells  alone,  MDA-MB-436  cells  plus  unfractionated  WAT  cells, 
and  MDA-MB-436  cells  plus  CD34+  or  CD34~  WAT  cells,  (c)  Tumor  growth  in  NSG  mice  injected 
with  HCC1937  breast  cancer  cells  alone  and  in  NSG  mice  injected  with  the  same  number  of  breast 
cancer  cells  plus  human  CD34+  WAT  cells,  (d)  Tumor  growth  in  NSG  mice  injected  with 
MDA-MB-436  breast  cancer  cells  in  mono-  and  bilateral  studies.  **p< 0.005  vs  control  by  Mann- 
Whitney  U  test.  From  Martin-Padura  et  al.  (2012),  modified 


group  resulted  at  higher  risk  of  local  events  (four  events)  compared  to  the  control 
group  (no  event)  when  the  analysis  was  limited  to  intraepithelial  neoplasia.  A  sec- 
ond data  revision  after  prolonged  follow-up  confirmed  this  significant  difference 
(Petit  et  al.  2013). 

The  investigation  of  the  different  roles  of  purified  populations  of  WAT-derived 
progenitors  and  mature  cells  is  urgently  needed  to  clarify  what  WAT  cell  populations 
can  be  used  safely  for  breast  reconstruction  and  what  are  at  risk  for  supporting  the 
growth  of  otherwise  quiescent  cancer  cells  still  resident  after  surgery.  It  has  been 
recently  found  that  zoledronic  acid  inhibits  the  interaction  between  mesenchymal 
stem  cells  and  breast  cancer  cells  (Gallo  et  al.  2012).  This  finding  suggests  an 
interesting  possible  pharmaceutical  strategy  to  be  investigated  in  preclinical  models. 
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Chapter  17 

Successful  Angiogenesis  as  Key  to  Engineered 
Adipose  Tissue 


Paul  Severin  Wiggenhauser  and  Jan-Thorsten  Schantz 


Abstract  The  transplantation  of  fat  tissue  is  a  common  procedure  in  plastic  surgery. 
But  the  volume  of  the  transplanted  fat  tissue  is  strictly  limited  by  the  viability  of  the 
fat  graft  depending  on  blood  supply  and  oxygen  diffusion.  Therefore  there  are  only 
two  possibilities  for  the  transplantation  of  larger  grafts:  first  repeated  transplanta- 
tion of  small  pieces  and  second  transplantation  of  a  large  prevascularized  fat  graft 
that  is  reconnected  to  blood  circulation. 

Consequently,  the  same  rules  apply  for  fat  tissue  created  with  adipose  tissue 
engineering.  Thus,  an  approach  for  the  engineering  of  a  large  adipose  tissue  graft 
needs  a  concomitant  strategy  for  vascularization.  So  a  successful  approach  needs  a 
working  interplay  of  stem  cells,  differentiation  factors,  scaffold  architecture  and 
vascularization  strategy.  Moreover  concepts  must  emphasize  the  importance  of  the 
micro  and  macro  scaffold  architecture  not  only  in  reference  to  tissue  creation  but 
also  in  reference  to  vascularization. 

In  conclusion  every  adipose  tissue  engineering  approach  should  care  for  a  holis- 
tic concept  from  tissue  engineering  to  viable  graft  implantation.  Otherwise  there  is 
no  chance  for  a  successful  clinical  application. 

Keywords  Scaffold  materials  •  Scaffold  architecture  •  Adipogenic  differentiation 
•  Tissue  integration  •  Bioactive  implants  •  Regeneration  •  Vessel  loop  •  Chamber 
model  •  COPROG  •  Transgene  fibroblasts 
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17.1  Introduction 

1 7.1.1    Clinical  Reasoning 

The  covering  of  large  soft  tissue  defects  and  the  correction  of  body  contour  deformi- 
ties are  the  classical  indications  for  surgical  fat  transplantation.  These  conditions 
can  be  found  in  reconstructive  as  well  as  in  aesthetic  surgery.  Representative  proce- 
dures are  the  reconstruction  of  the  breast  mound  after  the  complete  removal  of  all 
breast  tissue  in  the  course  of  breast  cancer  treatment.  Another  example  is  the  cover- 
ing of  a  deep  soft  tissue  and  skin  defect  after  the  excision  of  an  invasive  skin  cancer 
or  the  remodelling  of  contour  deformities  due  to  developmental  disorders  as  seen  in 
funnel  chest  deformity. 

The  main  goals  of  fat  transplantation  surgery  are  firstly  to  shape  the  body  surface 
by  expanding  subcutaneous  soft  tissue  and  secondly  to  repair  large  skin  and  soft 
tissue  defects  with  skin-adipose  composite  grafts. 


17.1.2    U nderstanding  Fat  Transplantation 

17.1.2.1  First  Fat  Graft  by  Neuber 

The  first  report  of  a  free  fat  graft  can  be  found  in  1893.  During  the  congress  of  the 
German  society  of  surgeons  in  1893,  the  surgeon  Neuber  told  his  colleagues  about 
the  treatment  of  a  20-year-old  man  who  suffered  from  a  large  conical  infraorbital 
scar  due  to  tuberculous  osteitis  during  his  childhood.  Neuber  filled  the  conical  scar 
with  a  fat  graft  harvested  from  the  upper  limb  and  achieved  a  satisfying  cosmetic 
result  after  an  uncomplicated  healing  process  (Neuber  1893). 

In  contrast  to  this  case  report  and  to  other  successful  cases,  Neuber  clearly  rec- 
ognized the  limitations  of  his  technique  and  told  his  colleagues  about  the  limitations 
of  free  fat  transplantation.  "According  to  my  experience,  fat  particles  that  exceed  the 
size  of  a  bean  or  almond  will  not  be  integrated  successfully".  Instead  there  will  be  a 
wound  healing  disorder  and  the  complete  graft  will  become  necrotic. 

Remarkably,  Neuber  described  the  crucial  challenge  of  fat  transplantation  right 
from  the  beginning:  the  need  for  vascularization  in  large  volume  fat  grafts. 

17.1.2.2  Feasibility  of  Large  Volume  Fat  Transplantation 

Basically  there  are  two  ways  to  facilitate  fat  transplantation:  firstly  surgeons  trans- 
plant only  solid  fat  tissue  with  a  pre-existing  and  functional  vascular  system  or 
secondly  they  inject  small  non- vascularized  portions  of  fat  tissue  repetitively  so  that 
this  portions  sum  up  to  a  volume  effect.  This  last  procedure  is  also  known  as  lipo- 
structure  or  lipotransfer. 
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DIEP-Flap 

The  DIEP-Flap1  represents  the  gold  standard  of  free  large  volume  transplantation 
using  a  solid  vascularized  fat  graft  (Hijjawi  and  Blondeel  2010). 

The  feasibility  of  this  technique  is  based  on  the  perforator  vessels  that  nourish 
the  subcutaneous  skin  of  the  belly.  The  perforator  vessels  are  small  vessels  originat- 
ing from  the  deep  inferior  epigastric  artery  and  direct  through  the  rectus  abdominis 
muscle  to  the  subcutaneous  tissue.  Therefore  every  perforator  vessel  supplies  a 
specified  area  of  subcutaneous  tissue  around  its  exit  of  the  abdominal  muscle 
(Baumann  et  al.  2010). 

Consequently  surgeons  dissect  the  perforator  vessels  and  harvest  the  subcutane- 
ous fat  tissue  belonging  to  the  previously  dissected  perforator  vessels  en  bloc.  By 
that  means,  they  are  able  to  create  a  solid  fat  graft  with  a  totally  independent  but 
functional  vascular  system.  Reconnection  of  the  perforator  vessel  to  another  artery 
after  transplantation  leads  to  a  complete  recovery  of  circulation  within  the  fat  graft 
(Hijjawi  and  Blondeel  2010). 

In  summary  the  reconnection  of  the  inherent  vascular  network  of  a  fat  graft 
maintains  the  vitality  of  the  graft  even  in  large  volumes. 

Coleman's  Lipostructure 

Coleman's  technique  on  the  contrary  is  based  on  the  transfer  of  small  adipose  par- 
ticles without  a  vascular  network  that  are  nourished  by  diffusion.  Volume  gain  is 
only  achieved  by  the  repetitive  injection  of  small  amounts  of  non- vascularized  fat 
tissue  that  sums  up  to  a  volume  effect. 

After  the  introduction  of  liposuction  into  aesthetic  surgery  by  Klein,  there  was  a 
new  way  to  harvest  fat  tissue:  in  contrast  to  surgical  resection  of  fat  en  bloc,  Klein's 
technique  harvested  fat  particles  that  were  dissolved  in  tumescent  solution  (Klein 
1988,  1990). 

The  pioneering  work  of  Coleman  was  to  optimize  the  liposuction  process  by 
inducing  blunt  cannulas  and  a  harvesting  process  that  cropped  small  blocks  of  fat 
tissue  by  curetting  instead  of  traumatic  suctioning.  By  that  means,  Coleman 
enhanced  vitality  of  transferred  particles  and  was  able  to  achieve  long-term  stable 
and  safe  volume  corrections  (Coleman  1997). 

But  this  technique  only  allows  correction  of  smaller  defects  as  it  needs  repetitive 
procedures  to  achieve  substantial  volume  effects.  Therefore  this  technique  is  not 
feasible  for  larger  volume  transfers  as  needed  for  breast  reconstructive  procedures. 

Moreover  the  circumstance  of  non-vascularized  transplantation  leads  to  a  partial 
resorption  of  the  transplanted  fat  tissue  because  of  missing  nourishment  and  oxygen 
supply.  The  transplanted  fat  does  not  become  until  reintegrated  into  the  host  site 
vascular  system. 


1 DIEP  stands  for  deep  inferior  epigastric  <artery>  perforator. 
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Fig.  17.1  Intraoperative  photographs  of  subcutaneous  fat  tissue,  (a)  Liposuction  removes  mature 
adipocytes,  (b)  Snapshot  during  thighplasty  revealing  macroscopic  anatomy  of  fat  tissue  struc- 
tures, (c)  Close-up  of  (b).  Subcutaneous  fat  tissue  (x)  is  broadly  interspersed  with  connective  tissue 
septa  containing  major  blood  and  lymphatic  vessels  directing  to  the  enclosed  fat  tissue  next  to  the 
septum.  Arrow  points  at  these  septa  uncovered  through  the  removal  of  the  enclosed  fat  tissue  by 
liposuction 

Consequently  there  have  been  studies  to  treat  the  recipient  site  preoperatively  to 
enhance  the  integration  of  the  transplanted  fat  particles.  The  BRAVA  technology, 
for  example,  is  famous  method  to  expand  breast  skin  and  to  simultaneously  induce 
angiogenesis.  This  preoperative  treatment  led  to  lower  resorption  rates  of  injected 
fat  tissue  in  the  course  of  breast  augmentation  procedures  (Zocchi  and  Zuliani 
2008). 

In  conclusion  Coleman  refined  the  technique  of  non- vascularized  fat  transplanta- 
tion as  described  by  Neuber,  using  an  approach  of  repetitive  transfer  of  small  vol- 
ume particles.  His  method,  however,  still  faces  problems  of  undernourishment  and 
low  perfusion  after  transplantation  due  to  the  missing  vascularization  (Fig.  17.1). 


17.2    Adipose  Tissue  Engineering 
1 7.2.1    History  and  Impact 

In  1999  Patrick  et  al.  created  fat  tissue  de  novo  by  tissue  engineering  technologies. 
Tissue  engineering  means  formation  of  tissue  using  a  carrier  material  and  stem  cells 
for  the  formation  of  tissue  in  vitro  and  bioactive  agents  for  formation  of  tissue  in  situ. 


17    Successful  Angiogenesis  as  Key  to  Engineered  Adipose  Tissue  355 


Table  17.1  Advantages  and  disadvantages  of  stem  cell  sources  for  adipose  tissue  engineering 


+ 

— 

ESCs 

Differentiation  in  every 
cell  type 

Teratoma 
No  controlled 

differentiation 
Ethic  problems 

Wernig  et  al.  (2003) 

iPSCs 

Differentiation  in  every 

Genetic  reprogramming, 

Takahashi  et  al.  (2007), 

cell  type 

safety? 

Takahashi  and  Yamanaka 

Easy  access  via  skin 

(2006),  Tenzen  et  al.  (2010) 

fibroblasts 

MSCs 

Differentiation  in  every 

Invasive  harvesting 

Caplan  and  Dennis  (2006), 

mesenchymal  tissue 

process 

Klopsch  etal.  (2011), 

Long  clinical  experience 

Low  stem  cell  ratio 

Wernig  et  al.  (2003) 

ASCs 

Differentiation  in  every 
mesenchymal  tissue 
Easy  access  via  liposuction 
High  stem  cell  ratio 

Peng  et  al.  (2008),  Brown  et  al. 
(2010) 

Patrick  used  a  collagen  scaffold  as  carrier  material  and  adipose  tissue-derived  stem 
cells  (ASCs)  for  the  formation  of  fat  cells  in  vitro.  After  implantation  of  seeded 
scaffolds  into  rats,  he  observed  fat  tissue  development  on  explanted  scaffolds  during 
the  histological  work-up  (Patrick  et  al.  1999). 

Since  that  time,  research  has  focused  on  a  possible  third  way  for  fat  transplanta- 
tion: tissue  engineered  fat  grafts  created  in  the  laboratory.  The  creation  of  fat  tissue 
with  tissue  engineering  is  referred  to  as  adipose  tissue  engineering. 


17.2.2    Stem  Cells  Sources 

Principally  every  stem  cell  source  that  can  give  rise  to  the  adipose  lineage  can  be 
used  for  adipose  tissue  engineering  approaches:  embryonic  stem  cells  (ESCs),  mes- 
enchymal stem  cells  (MSCs),  induced  pluripotent  stem  cells  (iPSCs)  and  ASCs. 

Although  there  are  many  different  stem  cell  sources,  research  has  started  to 
exclusively  focus  on  ASCs.  That  is  due  to  adult  stem  cell  characteristics:  safe  use  in 
vivo,  easy  differentiation  process,  high  stem  cell  rate  in  source  tissue  and  the  ubiq- 
uitous and  easily  accessible  stem  cell  source. 

Especially  the  easy  harvesting  process  made  ASCs  the  stem  cell  source  of  choice 
in  current  research.  There  are  two  ways  of  isolation:  from  solid  fat  blocks  after  sur- 
gery or  from  liposuction  aspirate.  Both  methods  harvest  ASCs  with  similar  qualities 
and  in  equal  ratios.  But  liposuction  is  considered  as  the  easiest,  safest  and  fastest 
way  to  ASCs  (Bunnell  et  al.  2008;  Fernandez  et  al.  2010;  Schreml  et  al.  2009; 
Baglioni  et  al.  2009)  (Table  17.1). 
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1 7.2.3    Scaffold  Materials 

Suitable  carrier  materials,  namely  scaffolds,  are  the  decisive  condition  of  an  engi- 
neering approach.  There  are  plenty  of  different  scaffold  types  and  those  are  all  dif- 
ferent in  respect  to  specific  properties.  Therefore  the  experimental  and  later  clinical 
setting  must  be  taken  into  account  to  choose  an  appropriate  type  of  scaffold.  For 
example,  treatment  procedure  can  be  performed  with  injection  or  implantation  and 
thus  completely  different  scaffold  qualities  are  necessary  for  the  respective  treat- 
ment. Otherwise  scaffolds  can  differ  in  way  of  fabrication,  costs,  handling,  differen- 
tiation potential,  volume  maintenance  and  degradation  (Table  17.2). 


17.2.4   Differentiation  Stimuli 

The  differentiation  of  ASCs  in  mature  adipocytes  is  achieved  via  multimodal  stimu- 
lation in  cell  culture  experiments.  The  application  of  hormonal  stimuli  as  well  as  the 
influence  of  the  micro  milieu  (p02,  movement,  cocultivation  with  mature  adipocytes 
and  the  surround  matrix  in  reference  to  material  and  architecture)  is  used  for  that 
purpose.  The  most  common  hormonal  factors  are:  insulin,  ibmx,  dexamethasone, 
indometacine  and  thiazolidindione  (Stacey  et  al.  2009;  Hausman  et  al.  1996;  von 
Heimburg  et  al.  2001;  Fischbach  et  al.  2004;  Carriere  et  al.  2004;  Fink  et  al.  2004; 
Rodriguez  Fernandez  and  Ben-Ze'ev  1989). 

For  further  understanding  please  refer  to  chapters  dealing  with  adipose  stem  cells 
and  adipose  tissue  development  (Table  17.3). 


17.2.5    Influence  of  Scaffold  Architecture 

The  influence  of  scaffold  architecture  on  the  regeneration  result  has  to  be  consid- 
ered in  two  different  dimensions:  micro  and  macro  architecture.  Micro  architecture 
refers  to  the  material  qualities  itself  and  their  potential  to  resemble  natural  substrate 
for  cell  growth  and  proliferation.  Macro  architecture  alludes  to  the  macroscopic 
structure  of  the  scaffold  playing  a  key  role  for  cell  and  vascular  invasion  and  finally 
tissue  integration. 

17.2.5.1    Micro  Architecture 

The  micro  architecture  of  a  scaffold  determines  the  interactions  of  the  scaffold  itself 
with  the  stem  cells.  Interactions  can  be  measured  by  cell  adhesion,  cell  distribution, 
cell  proliferation,  cell  differentiation  and  cell  vitality. 
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Table  17.3  Overview  of  soluble  factors  used  to  achieve  differentiation  in  adipose  tissue 
engineering  (taken  from  thesis  of  RS.  Wiggenhauser  (in  German)) 


Point  of 

Way  of  action  interaction 

Stimulus 

Signalling  transduc-     Tyrosine  kinase 

Insulin 

Pairault  and  Lasnier  (1987), 

tion  cascades 

Harrison  et  al.  (1985), 
Chen  and  London  (1981), 
Hauner(1990) 

IGF 

Wabitsch  et  al.  (1995) 

PGF2 

Catalioto  et  al.  (1991) 

GH 

Hauner  and  Loffler  (1986), 
Nixon  and  Green  (1984), 
Morikawa  et  al.  (1982) 

cAMP/PKA 

cAMP 

Cook  et  al.  (1988),  Darimont 
et  al.  (1993),  Kurten  et  al. 
(1988),  Verhaegen  etal. 
(1979) 

IBMX 

Lequeux  et  al.  (2009), 
Schimmel  et  al.  (1980), 
Swierczewski  et  al. 
(1987),  Kim  etal.  (2010) 

Arachidonic  acid 

Gaillard etal.  (1989) 

Transcriptional  SREB 

Glucocorticoids 

Hauner  et  al.  (1989),  Cook 

factors 

et  al.  (1988),  Pairault  and 
Lasnier  (1987),  Knight 
et  al.  (1987),  Ringold 
et  al.  (1986),  Chapman 
et  al.  (1985),  Hauner 
(1990) 

RXR 

Retinoic  acid 

Pairault  and  Lasnier  (1987), 
Safonova  et  al.  (1994), 
Pairault  et  al.  (1988) 

PPAR 

Thiazolidindiones 

Sandouk etal.  (1993), 
Gimble  et  al.  (1996), 
Lehmann  et  al.  (1995) 

Prostacyclin  PGI2 

Catalioto  etal.  (1991), 
Negrel  et  al.  (1989), 
Klieweret  al.  (1995) 

Indomethacin, 

Lehmann  et  al.  (1997), 

Ibuprofen 

Knight  etal.  (1987) 

RXR/PPAR 

Free  fatty  acids 

Takase  et  al.  (1998),  Suruga 
et  al.  (1995) 

THR 

T3 

Flores-Delgado  et  al.  (1987), 
Darimont  et  al.  (1993) 

In  the  beginning  researchers  were  looking  for  organic  scaffold  materials  to 
achieve  optimal  results.  For  example,  collagen  type  1  was  commonly  studied,  as  it 
is  the  natural  extracellular  matrix  of  adipose  tissue.  Studies  by  Itoi  could  show  an 
influence  of  adipogenic  differentiation  only  by  adding  collagen  type  1 .  Due  to  the 
limited  access  to  natural  scaffolds,  investigators  developed  synthetic  scaffolds  that 
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were  intended  to  resemble  natural  extracellular  matrix  but  with  modified  stability, 
degradation  and  in  vivo  behaviour  (Itoi  et  al.  2010;  Engler  et  al.  2006;  Brown  et  al. 
2010;  Gleeson  et  al.  2010;  Hausman  et  al.  1996). 

The  micro  architecture  determines  the  behaviour  of  stem  cells  on  the  scaffold 
and  hereby  significantly  influences  the  regeneration  result. 

17.2.5.2    Macro  Architecture 

In  addition  to  the  crucial  micro  architecture  of  scaffolds,  the  macro  architecture 
plays  a  key  role  for  in  vivo  integration  and  thus  the  regeneration  result  of  the 
scaffold. 

The  macroscopic  structure  of  a  scaffold,  referred  to  as  macro  architecture,  deter- 
mines cell  and  vascular  invasion  and  overall  tissue  distribution.  The  authors  showed 
this  impact  of  scaffold  structure  on  the  tissue  engineering  approach.  They  studied 
two  scaffolds  made  out  of  equal  materials,  both  Polycaprolactone-based,  but  with  two 
different  macro  architectures.  As  shown  in  Fig.  17.2,  the  random  pattern  architec- 
ture of  the  first  scaffold  inhibited  cell  and  vascular  invasion  by  blocking  intruding 
pathways.  On  the  other  hand,  the  well-structured  second  scaffold  presented  deep 
invasion  due  to  its  preformed  invasion  pathways,  as  can  be  seen  in  Fig.  17.3 
(Wiggenhauser  et  al.  2011). 

Moreover  the  cellular  and  vascular  invasion  determines  the  overall  integration  of 
the  implant  and  the  quality  of  the  tissue  regeneration  result.  So  far,  most  in  vivo 
experiments  have  been  performed  as  proof  of  principle  studies  with  construct 
smaller  than  10  mL.  But  a  large  volume  regeneration  of  clinical  significance  is  only 
possible  if  the  entire  scaffold  cannot  be  integrated  within  a  sufficient  timeframe. 
That  is  why  cell  and  vascular  invasion  parameters  are  fundamental  to  clinical 
success. 

Otherwise  the  quality  of  the  regeneration  result  depends  on  a  homogenous  and 
coherent  tissue  formation.  This  can  only  be  achieved  if  the  scaffold  enables  a  full 
and  entire  integration  within  the  host  organism.  If  parts  of  the  scaffold  cannot  be 
accessed  by  invading  cells  and  blood  vessels,  existing  adipose  tissue  becomes 
necrotic  because  of  missing  nourishment  or  de  novo  adipose  tissue  formation  does 
not  take  place  and  empty  wholes  with  clinical  dangers  remain. 

The  macro  architecture  of  a  scaffold  determines  the  clinical  quality  of  the  regen- 
eration approach  and  must  always  be  considered  during  scaffold  design. 


17.2.6   Essential  Challenge  of  Vascularization 

Neuber  experienced  the  correlation  of  graft  volume  and  success  rate  of  implantation 
in  1893.  Some  decades  later,  Folkman  et  al.  showed  the  growth  arrest  of  tumour 
spheroids  in  cell  culture  experiments  and  gave  a  scientific  explanation  for  Neubers 
observations:  the  cells  within  the  spheroids  were  nourished  by  diffusion  of  oxygen 
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Fig.  17.2  Integration  of  scaffolds  in  the  host  organism.  Upper  row  represents  regularly  structured 
scaffold,  lower  row  random  pattern  scaffold.  First  column  shows  native  section  through  scaffold. 
Notice  lower  cell  density  on  random  pattern  scaffold.  Second  column  shows  immunostaining  with 
anti-smooth  muscle  antibodies  to  show  blood  vessels  and  DAPI  staining  of  cell  nuclei.  The  inva- 
sion of  blood  vessels  (arrow)  in  central  areas  of  the  scaffold  was  shown  on  the  regularly  structured 
scaffold.  Random  pattern  scaffolds  inhibited  cell  invasion  on  non-interconnected  parts  of  the  scaf- 
fold. Notice  the  avascular  lower  part  of  the  image,  (x)  shows  negative  of  through  processing 
removed  scaffold  (bar =500  um)  (taken  from  thesis  of  R  S.  Wiggenhauser) 

and  nutrition  and  therefore  maximal  distance  of  diffusion  limited  the  growth  of  cells 
in  3D  to  the  size  of  a  pea  (Folkman  and  Hochberg  1973). 

As  a  consequence  of  this  experiment  tissue  engineers  had  to  focus  on  strategies 
to  create  a  vascular  network  within  the  created  fat  tissue.  But  in  adipose  tissue,  vas- 
cularization is  well  advanced.  Histology  shows  that  every  mature  adipocyte  is 
attached  to  at  least  one  capillary.  This  intensive  vascularization  yields  a  special 
challenge  for  every  adipose  tissue  engineering  approach  (Welsch  2006). 

Therefore  adipose  tissue  or  constructs  cannot  be  created  without  providing  a 
functional  and  deeply  branched  vascular  network.  At  present,  the  induction  of 
angiogenesis  is  the  most  important  part  of  research  in  adipose  tissue  engineering. 
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Fig.  17.3  Facilitation  of  cell  and  vascular  invasion  through  macro  architecture:  Schematic  draw- 
ing of  random  pattern  scaffold  (left)  and  regularly  structured  scaffold  (right)  and  process  of  vascu- 
lar invasion  starting  from  a  vessel  loop  (red)  on  cross-section  view.  The  scaffolds  are  shown  in 
dark  blue,  origination  vessels  in  red.  The  random  pattern  leads  to  long  and  laborious  routes  for 
invasion  and  even  stops  invasion  (dotted  line)  at  non-interconnected  parts.  Contrarily  regularly 
structured  scaffolds  facilitate  straightforward  directed  invasion  and  lead  cells  and  vessels  by  guid- 
ing structures  (taken  from  thesis  of  P.S.  Wiggenhauser) 

17.2.7   In  Vitro  vs.  In  Situ 

In  principle,  tissue  engineering  yields  two  ways  of  tissue  creation:  in  vitro  and  in 
situ  approaches.  Despite  the  general  difference  of  these  two  approaches,  each  of 
them  confronts  researchers  with  its  unique  challenge  of  angiogenesis.  In  vitro  adi- 
pose tissue  engineering  needs  an  intensive  and  fast  angiogenesis  after  implantation 
to  maintain  the  viability  of  a  large  adipose  construct  in  vivo.  Whereas  in  situ 
approaches  can  employ  a  two-step  technology:  firstly  caring  for  angiogenesis  and 
secondly  inducing  fat  tissue  formation.  In  such  an  in  vivo  approach,  the  time  needed 
for  angiogenesis  can  take  longer  because  vascularization  is  not  needed  to  keep  an  in 
vitro  engineered  construct  viable  (Tanzi  and  Fare  2009). 

This  is  why  it  is  of  great  importance  that  the  process  of  fat  tissue  formation  and 
the  way  of  angiogenesis  go  hand  in  hand  in  all  adipose  tissue  engineering  approaches. 
The  time  available  for  angiogenesis  determines  the  portfolio  of  angiogenesis  meth- 
ods that  can  be  used  for  the  specific  engineering  approach. 


17.3    Engineering  Approaches  and  the  Strategy 
of  Vascularization 

Sufficient  vascularization  remains  a  challenge  in  all  tissue  engineering  approaches. 
There  are  numerous  strategies  to  provide  sufficient  angiogenesis.  The  concepts 
range  from  using  decellularized  vascular  matrices  from  animals  to  in  situ  induction 
of  vascular  formation. 

The  following  section  will  give  an  overview  of  innovative  and  common  concepts 
in  adipose  tissue  engineering.  A  structured  outline  is  given  in  Fig.  17.4. 
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Fig.  17.4  Strategies  to  create  vascularized  adipose  tissue.  TE  tissue  engineering,  EPCs  endothe- 
lial progenitor  cells,  COPROGS  copolymer-protected  gene  vectors 


1 7.3.1    Vascularized  Single  Graft 


The  engineering  of  a  single  high  volume  fat  graft  is  still  the  most  favoured  goal  in 
adipose  tissue  engineering.  There  are  two  reasons  for  that:  first  the  chance  for  a  one 
step  repair  of  deep  and  large  skin  and  soft  tissue  defects  and  second  the  need  for  a 
single  fat  graft,  if  there  is  no  remaining  underlying  soft  tissue. 


17.3.2    In  Vitro  Tissue  Engineering 

Surgeons  are  trained  to  harvest  and  transplant  fat  using  flaps.  As  described  for  DIEP 
flaps,  the  common  characteristic  of  these  flaps  is  their  vascular  network  that  is 
accessible  through  a  major  artery  and  vein.  Surgeons  require  these  larger  vessels  to 
reconnect  the  transplant  to  the  systemic  circulation  at  the  recipient  site  of  recon- 
struction. Therefore  tissue  engineers  aim  for  a  vascularized  fat  construct  with  a 
major  artery  and  vein  to  facilitate  the  transplantation  and  to  substitute  autologous 
tissue  that  has  to  be  harvested  from  a  donor  site.  By  that  means  research  wants  to 
eliminate  doner  site  defects  including  wound  healing  disorders,  infections,  hema- 
toma and  physiological  weakness  after  dissection  of  muscles  and  fascia. 


17.3.2.1    Vessel  Loop 

The  vessel  loop  model  is  based  on  plastic  surgical  method  that  was  developed  for 
the  preparation  of  skin  flap.  The  finding  that  poorly  vascularized  tissue  can  be  vas- 
cularized by  adjacent  highly  vascularized  tissue  under  hypoxic  conditions  is  funda- 
mental for  the  understanding  of  this  method  (Dolderer  et  al.  2007;  Lokmic  et  al. 
2007;  Morrison  et  al.  1997). 
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In  tissue  engineering  experiments,  this  technique  was  refined  and  reduced  to  a 
vascular  bundle  that  can  be  used  to  vascularize  constructs  created  in  the  cell  culture 
laboratory.  For  that  purpose,  constructs  have  to  be  implanted  in  the  near  of  the  vas- 
cular bundle.  There  are  several  possibilities  of  arrangement:  placement  of  vessels 
through  or  on  top  of  the  construct  and  the  constellation  of  the  vessels  itself. 

Tanaka  et  al.  studied  diverse  constellations  where  a  vessel  bundle  was  embraced 
by  a  construct  like  a  sandwich.  The  aim  of  the  study  was  to  identify  the  most  suit- 
able arrangement  of  the  vessels.  They  compared  an  arteriovenous  shunt-loop  (that 
has  lead  to  the  name  vessel  loop),  a  ligated  vascular  bundle  and  an  intact  vascular 
bundle  that  was  directing  through  the  construct.  The  flow-through  vascular  bundle 
was  found  to  be  superior  to  the  other  forms  of  vascular  constellations.  There  was  a 
distinct  angiogenesis  with  an  outgrowth  of  vessels  from  the  venous  vasa  vasorum 
(Tanaka  et  al.  2003;  Hofer  et  al.  2003). 

All  in  all  the  vessel  loop  technique  is  a  widely  spread  technology  in  tissue  engi- 
neering. It  is  an  easy  and  functional  method  to  vascularize  engineered  constructs. 
But  still  little  is  known  about  the  vascularization  of  non-experimental  volumes  of 
clinical  significance. 

17.3.2.2    Endothelial  Progenitors 

Endothelial  progenitor  cells  are  the  natural  precursor  cells  of  endothelial  cells  that 
form  the  capillary  system  and  the  intima  of  bigger  vessels.  Therefore  they  were  used 
to  build  blood  vessels  de  novo  (Bleiziffer  et  al.  201 1;  Zhang  et  al.  201 1). 

Singh  et  al.  seeded  porous  polycaprolactone  scaffolds  with  endothelial  progeni- 
tor cells  and  implanted  the  scaffolds  in  subcutaneous  tissue  of  nude  mice.  In  addi- 
tion scaffolds  were  treated  with  heparin  and  VEGF.  After  7  days  in  vivo  scaffolds 
were  explanted  and  examined.  The  researchers  found  that  the  endothelial  progenitor 
cells  had  given  rise  to  a  vascular  network  that  was  connected  to  the  host  circulatory 
system.  By  changing  the  seeding  cell  density,  they  were  able  to  optimize  the  formed 
vascular  network.  Furthermore  they  found  out  that  endothelial  progenitor  cells 
could  accelerate  blood  vessel  formation  in  co-culture  settings.  Unfortunately  central 
necrosis  was  found  in  larger  volume  scaffolds  (Singh  et  al.  201 1). 

That  is  why  endothelial  progenitor  cells  are  a  promising  alternative  for  de  novo 
blood  vessel  formation  to  support  the  perfusion  of  in  vitro  build  adipose  tissue. 
However,  endothelial  progenitor  cells  face  the  same  problems  as  other  tissue  engi- 
neered constructs  with  central  necrosis  in  larger  volumes. 


17.3.3    In  Situ  Tissue  Engineering 

The  concept  of  in  situ  engineering  is  based  on  the  facilitation  and  induction  of  tissue 
regeneration  in  situ.  The  goal  is  to  create  a  highly  vascularized  tissue  that  can 
receive  stem  cells  for  tissue  regeneration  in  another  step  or  that  can  lead  to  tissue 
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regeneration  by  homing  of  desired  stem  cells.  Therefore  the  major  task  of  angiogen- 
esis  is  not  to  maintain  a  transplanted  construct  as  seen  in  in  vitro  engineering  but  to 
establish  a  vascular  network.  Thus,  angiogenesis  strategies  have  to  support  tissue 
formation  and  researchers  have  to  employ  strategies  to  induce  blood  vessel  forma- 
tion to  create  a  vascularized  bed  for  tissue  regeneration. 

17.3.3.1  COPROGS 

The  term  COPROGS  stands  for  copolymer-protected  gene  vectors.  They  offer  a 
method  for  non- viral  gene  transfer  and  minimize  the  risks  of  viral  gene  transfers. 

They  consist  of  DNA  encapsulated  with  polymers.  These  particles  get  into  the 
cytoplasm  via  endocytosis  and  escape  degradation  in  the  endosomes  through  their 
copolymer  design  that  destroys  the  endosome  and  releases  the  coding  DNA  into  the 
cytoplasm.  After  incorporation  of  the  DNA  in  the  nucleus,  the  transfected  cells  start 
to  produce  proteins  encoded  by  the  COPROGS  gene  vector  (Kolk  et  al.  201 1). 

COPROGS  have  already  been  studied  in  respect  of  skin  regeneration  models.  In 
these  studies  they  were  used  to  induce  VEGF  production  and  thus  to  trigger  angio- 
genesis within  the  scaffold.  In  one  study  COPROGS  were  loaded  with  DNA  encod- 
ing for  VEGF.  Afterwards  the  COPROGS  were  attached  to  a  collagen  scaffold  with 
a  coating  technology.  In  vitro  results  showed  no  difference  in  the  behaviour  of 
seeded  cells  in  respect  to  cell  distribution,  attachment,  differentiation  and  vitality. 
Furthermore  in  vitro  testing  showed  a  3  weeks  lasting  release  of  VEGF.  In  vivo 
models  showed  a  significant  increase  of  VEGF  on  COPROGS  treated  scaffolds  in 
comparison  to  untreated  scaffold  in  a  wound  model.  Moreover  histological  analysis 
indicated  the  presence  of  newly  build  blood  vessels  (Reckhenrich  et  al.  201 1). 

Summing  up,  COPROGS  are  still  an  experimental  technology  for  angiogenesis 
induction.  Still,  their  safe  mode  of  action  and  their  high  innovative  potential  predes- 
tine them  for  further  in  situ  adipose  tissue  engineering  approaches. 

17.3.3.2  Transgene  Fibroblasts 

Transgene  fibroblasts  are  an  alternative  technology  for  transient  enrichment  of  bio- 
active  agents  in  native  tissue.  Here,  fibroblasts  are  genetically  modified  to  produce 
and  release  bioactive  agents  (e.g.  VEGF)  in  the  surrounding  tissue  to  trigger  angio- 
genesis. These  agents  can  be  used  to  induce  vascular  growth  and  formation  of  vas- 
cular networks. 

Machens  et  al.  studied  the  applicability  of  transfected  fibroblasts  in  rat  models  to 
improve  the  vascularization  of  tissue  for  flap  surgery.  In  different  studies  they  inves- 
tigated the  influence  of  PDGF,  bFGF  and  VEGF  release  on  angiogenesis.  Firstly,  rat 
fibroblasts  were  isolated,  transfected  and  tested  for  safe  transfection.  Afterwards  a 
skin  flap  surgery  was  performed  and  transfected  fibroblasts  were  injected  in  the  flap 
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tissue.  After  surgery,  the  flaps  were  monitored  and  constantly  evaluated:  the  treated 
flaps  showed  a  higher  rate  of  survival  and  a  higher  rate  of  vascularization  after  his- 
tological analysis  ex  vivo  in  comparison  to  control  groups  (Holzbach  et  al.  2010; 
Machens  et  al.  1998;  Spanholtz  et  al.  2009,  2011). 

Machens  et  al.  proposed  the  application  of  this  technology  in  critically  ischemic 
tissue.  Every  adipose  tissue  engineering  approach  focuses  critical  ischemia  within 
the  construct  sooner  or  later.  Therefore  the  use  of  transgene  fibroblasts  could  be  an 
innovative  vascularization  strategy  for  adipose  tissue  constructs. 

17.3.3.3  Vessel  Loop 

The  vessel  loop  technique  has  already  been  described  in  reference  to  in  vitro  tissue 
engineering.  But  it  can  also  be  applied  for  in  situ  approaches. 

The  most  significant  difference  is  the  need  to  vascularize  immature  tissue  or 
unseeded  scaffolds.  This  circumstance  facilitates  invasion  possibilities,  as  blood 
vessels  are  not  forced  to  make  their  way  through  coherent  cell  layers.  Moreover  the 
time  pressure  for  angiogenesis  is  reduced,  due  to  the  formation  of  new  tissue  and  the 
progress  of  angiogenesis  going  hand  in  hand  within  the  implanted  scaffold. 

The  vessel  loop  method  is  an  easy  method  to  lead  stem  cells  for  de  novo  tissue 
formation  through  the  blood  stream  to  the  site  of  interest  and  to  care  for  a  simultane- 
ous angiogenesis. 

17.3.3.4  Chamber  Model 

The  chamber  model  uses  a  hollow  plastic  chamber  to  generate  fat  tissue  originating 
from  a  pedicled  fat  flap  within  the  chamber. 

The  chamber  model  was  propagated  by  Morrison  et  al.  and  is  a  classical  hybrid 
technology  of  surgery  and  adipose  tissue  engineering.  Morrison  used  a  hollow  plas- 
tic chamber  (solid  or  perforated)  and  inserted  a  pedicled  fat  flap  inside  the  chamber. 
After  6  weeks  in  situ,  histological  analysis  showed  a  spontaneous  formation  of  fat 
tissue  within  the  chamber.  Hereby  the  perforated  chamber  showed  best  results. 
During  further  research  Morrison  refined  the  model  and  was  able  to  go  beyond  the 
step  of  clinical  graft  volume.  In  the  latest  study  he  was  able  to  show  the  formation 
of  long-term  stable  adipose  tissue  with  a  perforated  chamber  filled  with  PLGA  and 
an  inserted  fat  pedicle  or  even  only  a  vascular  pedicle  alone  (Dolderer  et  al.  2007, 
2011;  Findlay  et  al.  2011;  Hofer  et  al.  2003;  Lokmic  et  al.  2007). 

The  chamber  model  currently  represents  the  most  advanced  adipose  tissue  engi- 
neering approach  using  classical  surgical  techniques  and  adipose  tissue 
engineering. 
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17.4  Summary 

The  number  of  engineering  approaches  in  adipose  tissue  engineering  is  still  increas- 
ing. Most  of  them  are  still  in  the  experimental  phase  and  have  only  been  performed 
in  small  animal  models.  Only  few  of  them  have  taken  the  step  to  large  volume 
experiments,  e.g.  cell-assisted-lipotransfer  or  the  chamber  model.  Although  all  of 
them  face  the  problem  of  achieving  sufficient  vascularization,  in  situ  approaches 
may  be  more  promising,  due  to  their  two-step  concept  giving  more  time  for  the 
crucial  angiogenesis. 
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